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PREFACE. 


My  purpose  in  this  book  is  to  give  prominence  to  the  funda- 
mental principles  which  affect  the  form  and  the  action  of  steam 
boilers.  So  many  excellent  treatises  have  been  published  which 
deal  with  the  regulations  concerning,  and  the  structural  details 
of,  boilers  of  the  cylindrical  type  ;  in  a  word,  with  what  may  be 
called  the  Mechanics  of  the  steam  boiler  {i.e.y  treating  of  the 
boiler  as  a  machine),  that  it  hasr  seemed  to  me  useless  to  repeat 
chapters  on  strength  of  materials,  on  riveting  and  joints,  and  on 
numerous  other  interesting  and  important  matters.  I  have  not 
thought  it  necessary  or  advisable  to  follow  that  well-beaten 
track,  but  have  endeavoured  to  take  another  path,  as  guided  by 
the  indications  of  physical  research  towards  the  goal  of  a  fuller 
understanding  of  the  actions  involved  in  steam  raising,  and  of 
the  requirements  of  efficient  boilers. 

Thus  the  pages  of  this  book  are  occupied  with  the  practical 
Physics  of  the  steam  boiler  (treating  of  the  boiler  as  a  heat 
engine),  and  deal  more  particularly  with  that  which  may  be 
termed  the  modern  form,  the  water-tube  boiler.  My  aim  in  them 
is  therefore  not  so  much  to  treat  of  how  boilers  are  made,  as  to 
consider  on  what  lines  they  may  be  improved. 

One  consequence  of  the  adoption  of  this  aspect  of  the  subject 
is  that  our  point  of  view  is  changed  as  to  several  of  its  depart- 
ments. Thus,  as  to  the  fuel,  instead  of  the  point  being  the 
relation   of  the  quantity  consumed    to  the  area  of  the   grate 
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surface,  enquiry  is  directed  to  the  question,  what  is  the  largest 
quantity  which  can  be  efficiently  burned  in  given  time  at  the 
highest  temperature  attainable  (with  or  without  a  grate,  in  the 
ordinary  acceptation  of  the  term),  and  with  the  minimum  of 
labour? 

With  regard  to  furnace  and  flues,  the  point  of  view  is  changed 
from  the  number  of  inches  of  vacuum  or  plenum  existing  at 
various  points  in  furnace,  flues  or  chimney,  to  the  number  of 
feet  per  second  velocity  at  which  the  hot  gases  traverse  the 
heating  surface.  As  to  the  heating  surface  itself,  instead  of  (as 
formerly)  regarding  the  fixed  ratio  between  heating  surface  and 
grate  area,  we  are  led  to  enquire  what  is  the  proportion  which 
the  number  of  heat  units  transmitted  per  hour,  from  fuel  to 
water,  bears  to  the  area  of  heating  surface  ;  and  as  to  the  water, 
the  question  of  importance  is  not  now,  what  is  the  velocity  of 
flow  produced  by  the  action  of  boiling  in  certain  boilers  (that,  if 
observed  constantly,  may  be  a  good  criterion  of  the  distribution 
of  temperature  in  a  given  boiler)  but  it  is,  what  is  the  greatest 
speed  of  movement  which  we  can  conveniently  impart  to  the 
water,  in  a  direction  contrary  to  that  in  which  the  hot  gases  are 
travelling  ?  Again,  in  former  days,  the  question  of  stresses  was 
regarded  almost  exclusively  from  the  point  of  view  of  the 
external  structure  of  the  boiler  ;  now,  however,  it  is  recognised 
that  many  of  the  most  important  consequences  to  the  safety  or 
life  of  a  boiler  may  result  from  strains  or  stresses  set  up  in  the 
internal  structure  of  the  metal,  whether  accompanied  or  followed 
by  other  physical  or  chemical  action,  and  consequently  our 
point  of  view  here  also  is  altered. 

The  consideration  of  such  questions  necessitates  some 
acquaintance  with  the  physical  principles  which  govern  the 
actions  whose  sphere  is  the  boiler,  and  I  have  consequently 
endeavoured  to  give  some  account  of  investigations  which  throw 
light  in  that  direction. 

Evidence  is  not  wanting  that  we  have  entered  upon  an  era  of 
more  scientific  practice  in  steam  raising  than  used  to  be  the  rule, 
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and,  that  being  so,  any  measure  of  enlightenment  as  to  the  laws 
which  must  be  obeyed  in  such  practice  is  sure  to  be  useful.  * 

The  fact  that  such  methods  of  treatment  of  an  engineering 
subject  as  the  present  one  are  needed,  or  are  likely  to  be 
welcome,  may  be  taken  as  a  hopeful  sign  that  the  breadth  of  the 
basis  upon  which  engineering  as  a  profession  rests  is  beginning 
to  be  acknowledged. 

To  be  an  Engineer  can  no  longer  be  held  as  equivalent  to 
having  a  mere  possession  of  certain  recognised  methods,  either 
of  calculation  or  of  executing  work.  The  foundation  of  all  good 
practice  must  ultimately  be  an  intelligent  appreciation  of  natural 
phenomena  and  laws,  in  as  far  as  these  have  been  observed  or 
discovered.  And  the  man  who  can  most  fearlessly  and 
thoroughly  make,  in  his  practice,  an  application  of  true  prin- 
ciples, (which  he  may  have  learned  in  connection  with  widely 
different  circumstances)  in  order  to  reach  some  desired  result,  is 
sure  to  be  the  most  efficient  Engineer. 

The  time  was  when  a  book  on  boilers  would  not  have  been 
regarded  even  with  patience,  unless  it  dealt  with  accepted 
practice  and  dwelt  on  its  advantages  ;  or,  at  most,  showed  how 
some  few  details  might  be  improved.  Now,  however,  the  desire 
is  becoming  wide-spread  to  know  in  what  direction  it  is  possible 
generally  to  progress  ;  and  it  does  not  take  long  in  these  days 
for  any  path  to  become  a  beaten  track,  after  it  is  once  marked 
out. 

Fortunately  the  time  has  nearly  gone  by  when  ideas  which 
belong  to  the  physical,  rather  than  to  the  mechanical,  side  of  an 
engineering  problem,  can  be  dismissed  by  means  of  a  cheap 
sneer  at  "  theory,"  for  all  intelligent  educated  men  have  come 
to  understand  that  practice  without  theory  is  a  mere  automaton, 
possessing   no   vital   principle.     In   the   days,  not   yet  ancient, 

*  While  the  sheets  of  this  volume  are  going  through  the  press  a  paper  by 
Mr.  John  C.  Parker,  "  On  the  Science  of  Steam  Raising,"  has  appeared  in  the 
Proceedings  of  The  Engineers'  Club  of  Philadelphia,  and  I  hail  its  publication 
as  most  valuable  corroborative  testimony  to  the  accuracy  of  these  observations,. 
as  well  as  to  that  of  the  direction  in  which  improvement  must  be  sought. 
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when  "the  practical  man,"  so-called  (but  who  was,  more 
correctly,  the  man  who  had  learned  a  certain  routine  of  practice, 
beyond  which  he  could  not  see  and  did  not  believe),  was  all- 
important  ;  it  was  enough  for  any  one  to  be  known  as  "  a  man 
with  ideas  "  to  be  at  once  condemned  as  a  visionary.  That 
regime  had  not  the  same  sway  in  other  countries,  such  as 
America,  as  it  held  in  Britain,  but  even  here  there  were  en- 
hghtened  men  in  the  ranks  of  Engineers  who  never  submitted 
to  it.  Happily  it  is  now  passing  away.  Sir  William  Fairbairn 
thus  writes  (in  his  **  Useful  Information  for  Engineers,"  third 
series,  page  65)  : — 

"  It  is  absurd  to  talk  against  theory,  as  if  a  knowledge  of  the  exact  science 
was  a  dangerous  and  a  useless  attainment  ;  nothing  can  be  more  erroneous 
than  this  impression,  as  on  close  inspection  there  is  no  practice  without 
theory,  any  more  than  there  is  any  effect  without  a  cause.  In  the  useful  arts 
theory  can  only  be  considered  dangerous  when  it  is  not  reducible  to  practice, 
and  where  it  tends  to  error  or  false  principles,  which,  in  fact,  is  not  theory 
but  assumption.  The  true  meaning  of  the  term  theory — which  creates  so 
much  alarm  in  the  minds  of  practical  men — is  neither  more  nor  less  than  a 
series  of  definite  rules  by  which  practice  is  governed,  and  through  which  we 
derive,  from  fixed  and  definite  laws,  those  sound  and  unerring  results,  which 
of  all  others  is  the  primary  object  of  practice  to  accomplish.  Let  us,  there- 
fore, abandon  the  '  rule-of-thumb '  system,  and  cultivate  true  principles  which 
should  never  be  separated  from  the  twin  sisters  of  Science  and  Art." 

Thomas  De  Quincy  gives,  in  his  "  Miscellaneous  Essays  and 
Logic  of  Political  Economy  "  (vol.  xii.,  p.  333),  a  translation  of 
Kant's  essay  "  On  the  common  saying  that  such  or  such  a  thing 
may  be  true  in  theory,  but  does  not  hold  good  in  practice,"  the 
following  extract  from  which  may  well  be  placed  alongside  of 
Sir  Wm.  Fairbairn 's  pithy  remarks  : — 

'*  It  is  far  more  tolerable  that  an  unlearned  person  should  represent  theory 
as  superfluous  for  the  purposes  of  his  imaginary  practice,  than  that  a  shallow 
refiner,  whilst  conceding  the  value  of  theory  for  speculation  and  scholastic 
uses,  should  couple  with  this  concession  the  doctrine  that  in  practice  the  case 
is  otherwise  ;  and  that,  upon  coming  out  of  the  schools  into  the  world,  a  man 
will  be  made  sensible  of  having  pursued  mere  philosophic  dreams.  In  short, 
that  what  sounds  well  in  theory  is  not  merely  superfluous,  but  absolutely 
false  in  practice.  Now  the  practical  engineer  who  should  express  himself  in 
these  terms  upon  the  science  of  mechanics,  or  tlic  artillery  officer  who  should 
say  of  the  doctrine  of  projectiles,  that  the  theory  of  it  was  conceived  indeed 
with  great  subtlety,  but  was  of  little  practical  value,  because  in  the  actual 
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exercise  of  the  art  it  was  found  that  the  experimental  results  did  not  conform 
to  the  theory,  would  expose  themselves  to  derision.  For  supposing,  that  in  the 
first  case,  should  be  superadded  to  the  theory  of  mechanics  that  of  friction  ; 
and  that  in  the  second,  to  the  theory  of  projectiles  were  superadded  that  of 
the  resistance  of  the  air — which  in  effect  amounts  to  this,  that  if,  instead  of 
rejecting  theory,  still  more  theory  were  added — in  that  case  the  results  of  the 
abstract  doctrine  and  of  the  experimental  practice  would  coincide  in  every 
respect." 

In  the  following  pages  I  have  adhered  to  my  usual  practice  of 
endeavouring  in  every  case  scrupulously  to  acknowledge  the 
source  of  my  information,  either  in  foot  notes  or  in  the  text. 
In  doing  so  I  no  doubt  expose  myself  to  the  criticism  that  a 
portion,  perhaps  even  a  large  portion,  of  my  writing  is  not 
original,  but  I  prefer  that  to  the  meanness  (which  is,  unfortun- 
ately, too  often  met  with)  of  appropriating  the  thoughts  or 
words  of  another  without  acknowledging  their  author,  or  to  the 
vanity  which  makes  use  of  borrowed  plumes  in  the  delusive 
hope  that  the  fraud  will  not  be  detected  by  those  who  are  well 
informed. 

It  is  certain  that  only  a  few  can  possess  the  means  or  the 
opportunity  for  independent  research  (just  as  no  one  man  could 
invent  all  the  different  boilers  described),  and  consequently  that 
the  majority  must  be  content  to  learn  from  them,  using  the  re- 
sults of  investigations  analytically  or  synthetically,  as  illustrations 
or  as  a  basis  for  deduction.  It  is  a  mistake  to  think  that  there 
can  be  no  originality  in  such  a  use  of  these  results.  On  the 
contrary,  in  these  days  invention  and  improvement  must  in  the 
main  proceed  in  the  direction  of  the  adaptation  of  materials  and 
knowledge  already  accumulated. 

The  major  part  of  this  book  was  wTitten  early  in  1898,  but 
its  completion  was  delayed  by  the  necessarily  tedious  ex- 
amination of  patent  office  records  which  was  required  for  the 
preparation  of  Chapter  VIII.  Such  an  examination,  in  addition 
to  affording  historical  data,  furnishes  proof  that  whilst  there 
must  be  progress  in  knowledge  and  skill,  the  attempt  to  intrude 
the  term  *'  evolution  "  into  engineering  science  is  an  erroneous 
one.     However  plausible  the  theoi-y  which  is  denominated  by 
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that  term  may  be,  as  applied  to  organic  structures  considered 
from  a  human  standpoint,  it  can  have  no  proper  application  in 
engineering  as  regards  either  inventions  or  the  inventors  them- 
selves. As  to  the  former,  some  of  the  oldest  inventions  are 
found  to  display  the  most  advanced  ideas,  and,  with  regard  to 
the  latter,  it  has  repeatedly  been  shown  that  nearly  all  great 
improvements  have  been  introduced  from  the  outside  of  the 
special  branch  of  engineering  to  which  they  apply.  Develop- 
ment and  refinement  are  undoubtedly  found,  but  these  apply 
either  to  the  form,  or  to  the  completeness  of  the  detail,  of 
structures  or  machines  of  kinds  the  use  of  which  is  continued 
long  enough,  or  repeated  frequently  enough,  to  permit  of  ex- 
perience being  gained  with  them.  '*  Environment  "  in  engin- 
eering resolves  itself  into  a  question  of  that  experience,  com- 
bined with  the  essential  elements  of  the  quality  of  the  materials 
and  the  methods  of  construction,  which  are  available  at  any 
given  time.  These  latter  have  undoubtedly  exercised  the 
principal  influence  on  development,  and  we  find  that  many 
modern  ideas  of  design  are  merely  old  ones  revived  under 
circumstances  in  which  both  the  means  of  carrying  them  out 
successfully  and  the  opportunity  for  their  being  employed 
profitably  have  come  into  existence. 

Since  the  completion  of  the  manuscript  of  this  volume  a 
Committee  to  investigate  the  subject  of  the  water-tube  boilers 
in  the  Royal  Navy  has  been  appointed  by  the  House  of 
Commons  under  the  recommendation  of  the  Rt.  Hon.  G.  J. 
Goschen,  then  First  Lord  of  the  Admiralty  ;  and  after  some 
months  of  enquiry  a  preliminary  Report  has  been  issued.  The 
period  of  experimental  trials  of  different  designs  of  water-tube 
boilers  has  since  then  been  entered  upon,  and  it  is  probable 
that  a  further  Report  will  emanate  from  the  Committee,  although 
not  for  a  considerable  time. 

It  was  to  be  expected  that  a  Committee,  nominated  in  con- 
sequence of  political  pressure,  would  not  •  in  its  constitution 
prove  entirely  satisfactory  to  the  engineers  and  experts  of  the 
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country ;  yet,  although  the  chief  qualification  for  appointment 
to  this  Committee  seems  to  have  been  engineering  skill  combined 
Avith  an  absence  of  special  experience  of  water-tube  boilers, 
there  are  few  who  can  object  to  the  main  direction  which  the 
recommendations  of  the  Committee  have  so  far  taken. 

Whether  a  satisfactory  solution  of  the  water-tube  boiler 
^question  can  be  reached  during  the  lifetime  of  this  Committee 
remains  to  be  seen. 

In  this  connection  the  remarks  in  a  paper  by  Mr.  John  C. 
Parker,  of  Philadelphia,  "  On  the  Science  of  Steam-making " 
{published  while  this  book  is  passing  through  the  press), 
deserve  some  attention. 

My  best  acknowledgments  are  due  to  Professor  R.  H. 
Thurston,  of  Sibley  College,  Cornell  University,  Ithaca,  N.Y., 
U.S.A.,  not  only  for  much  information  derived  from  his  various 
technical  works,  but  also  for  the  kindness  with  which  he 
consented  to  write  an  introductory  note  to  this  volume. 

I  am  also  indebted  to  many  manufacturers  of  boilers  for 
information  about  their  special  generators,  and  for  the  loan  of 
woodcuts  required  for  illustrations ;  and  to  some  personal 
friends  for  valuable  assistance  and  advice  in  the  work  of  pre- 
paring this  book.  Amongst  the  former  are  the  Councils  of 
the  Institution  of  Civil  Engineers  and  the  Institution  of 
Engineers  and  Shipbuilders  in  Scotland  ;  Messrs.  Willans  and 
Robinson,  Ltd.,  Henry  Watson  &  Sons,  Simpson  &  Bodman, 
The  Actiebolaget  de  Lavals  Angturbin,  Robertson  &  Outram, 
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,  In  the  selection  of  his  title,  **  The  Practical  Physics  of  the 
Modern  Steam- Boiler,"  the  author  has  admirably  defined  his 
field  of  exposition.  It  is  a  field,  also,  which  offers  a  large 
opportunity,  and  Mr.  Rowan  has  well  availed  himself  of  it, 
greatly  to  the  advantage  of  the  reader,  professional  as  well  as 
novice.  He  has  so  treated  his  subject  as  to  lay  large  stress  upon 
the  distinguishing  adjective  in  his  title,  ^^  practical ^^^  collecting 
information  from  the  world*s  literature  of  engineering  bearing 
upon  the  practical  development  of  the  art  of  steam-boiler 
construction  and  on  the  practical  applications  of  scientific 
principles.  The  book  is  not  a  systematic  treatise  covering  the 
whole  field  of  design,  construction,  and  operation  of  every  class 
of  boiler  ;  nor  is  it  intended  as  such.  It  is  a  discussion  of  a 
defined  and  limited  part  of  that  great  department  of  engineering, 
and  its  illustrations  of  fact  and  principle  are  very  largely  devoted 
to  the  modern  types  of  "  water-tube  "  boilers,  while  the  purpose 
of  its  writer  is  declared  to  be  quite  as  much  the  indication  of  the 
trend  of  improvement  as  the  exhibition  of  their  present  status  as 
apparatus  for  the  evolution  and  storage  of  thermal  energy. 

The  point  of  view  of  the  author  of  this  novel  and  valuable 
contribution  to  the  literature  of  the  subject  is  well  expressed, 
and  the  purpose  held  before  himself  during  its  preparation  is 
clearly  defined,  by  the  form  given  by  him  to  the  topics  discussed. 
He  would  not  seek  to  learn  the  ratio  of  fuel-consumption  to  the 
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grate-area,  but  rather  the  philosophical  datum  of  real  importance, 
the  ratio  of  area  of  heating  surface  to  fuel  consumed.  He  would 
ascertain  the  conditions  of  maximum  efficiency  both  of  heat 
development  and  of  heat  transfer.  He  studies  the  effect  of 
varying  rates  of  flow  of  furnace  gases  along  the  heating  surfaces 
with  which  they  are  in  contact,  with  the  purpose  of  ascertaining 
the  laws  of  heat-exchange  as  affecting  the  efficiency  of  the 
boiler  as  a  whole.  He  investigates  the  effects  of  chemical  and 
structural  changes,  as  well  as  of  mechanically  appUed  stresses, 
upon  the  safety  and  the  endurance  of  the  boiler.  In  the  whole 
work,  it  is  recognized  that  such  a  real  and  practical  and 
applicable  knowledge  of  this,  as  of  any,  department  of  engineering 
must  be  based  upon  scientific  fact,  principle,  and  method  ; 
discovering  by  experience  and  direct  experiment  the  fundamental 
facts,  deducing  by  sound  logic  the  principles  of  which  the  facts 
are  the  illustrations  ;  then  applying  that  knowledge  of  fact  and 
those  accurately  defined  principles  to  the  solution  of  the  equally 
well-defined  problems  of  the  engineer. 

The  modern  and  professional,  as  distinguished  from  the  older 
and  unscientific,  methods  of  engineering  are  thus  illustrated. 
The  engineer  of  the  twentieth  century  designs  rather  than 
invents,  and  secures  a  certainty  of  success  by  systematic  and 
scientific  method,  first  seeking  an  exact  definition  of  his  problem, 
then  proceeding  to  its  solution  by  application  of  deduction  or 
computation  to  each  element  of  the  case  in  a  perfectly  well- 
settled  order  of  sequence.  Engineering  is  to-day  a  more  exact 
science  than  is  any  other  among  the  professions  or  the  vocations 
of  our  modern  world.  Its  practice  involves  larger  and  more 
exact  knowledge  of  nature's  laws  and  of  facts  related  directly  to 
its  tasks  ;  its  schools,  where  most  developed  and  best  adapted 
to  their  purposes,  demand  more  of  the  immatricuhites,  and  more 
and  harder  work  for  their  diplomas  and  certificates,  than  do  the 
schools  of  the  so-called  *^  learned  "  professions.  Engineering 
has  already  conquered  its  place  beside  those  especially  honoured 
guilds,  and,  such  are  the  requirements  of  the  modern  industrial 
world,  it  must  soon  make  itself  the  most  learned  of  the  profes- 
sions, in  the  departments  of  applied  science,  if  not  otherwise. 

The  best  engineering  is  that  which  avails  itself  most  intelli- 
gently and  most  universally  and  invariably,  in  every  task,  of 
exactly  known  facts  and  precisely  formulated   principle.      It 


INTRODUCTORY   NOTE.  xvii 

employs  exact  knowledge  rather  than  **  rule-o'-thumb."  Where 
exact  knowledge  is  not  attainable,  however,  it  does  not  hesitate 
to  use  a  '*  rule-o'-thumb  *^  system,  however  crude,  if  it  seems 
reliable  and  has  been  found  by  experience  to  be  safe  and 
economically  satisfactory.  Like  any  well-trained  physician,  the 
engineer  employs  the  best  means  at  hand  for  the  accomplish- 
ment of  his  purpose,  and  without  stopping  to  inquire  into  its 
authorship. 

In  the  treatise  here  presented  to  the  engineer  interested  in 
steam  production,  I  am  much  interested  in  finding  so  large  a 
portion  of  the  work  devoted  to  the  water-tube  boiler.  In  a 
report  to  the  American  Institute  of  the  State  of  New  York,  in 
1871,  as  chairman  of  a  committee  which,  for  probably  the  first 
time  in  history,  determined  the  quality  of  steam  supplied  from 
water-tube  and  other  boilers  by  condensation  of  their  whole 
output  during  the  trials,  I  wrote  into  the  summary  of  conclusions 
this  deduction,  that  we  might  even  then  **  look  forward  to  the 
time  when  their  use  will  become  general,  to  the  exclusion  of  the 
older  and  more  dangerous  forms  of  boiler."  * 

Two  fundamental  principles  have  been  enunciated  by  those 
famous  engineers,  John  Stevens  and  William  Fairbairn,  which 
are  more  nearly  complied  with  by  the  water-tube  type  of  boiler 
than  by  the  shell-boiler : — A  boiler  should  be  so  constructed 
that  it  shall  not  be  liable  to  explosion  ;  the  boiler  should  also  be 
so  constructed  that  should  it  happen,  through  neglect  and  care- 
lessness, inevitably  here  and  there  met  with  in  the  weak 
humanity  which  must  be  entrusted  with  it,  that  explosion  does 
occur,  the  explosion  shall  not  be  dangerous.  The  consideration 
of  these  principles  will  be  found  to  justify  extended  study  of 
promising  types.  The  remark  of  the  author  of  this  treatise  that 
**  there  are  solid  grounds  for  the  opinion  that  further  improve- 
ment is  possible"  affords  additional  reason,  if  other  reason 
seems  needed. 

The  enormous  aggregate  of  information,  from  authoritative 
sources,  here  collected  is  accompanied  by  much  instructive 
comment  and  many  helpful  suggestions,  and  the  book  will  be 

*  Transactions  American  Institute  of  the  State  of  New  York,  1871 ;  Report 
of  Committee  appointed  to  test  Steam-Boilers,  Albany ;  Argus  Press,  1872. 
See,  also,  this  volume,  page  517. 
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found  a  mine  of  valuable  and  solid  learning  in  this  field.  The 
facts  gathered  together,  and  the  principles  illustrated  and 
elaborated,  the  numerous  drawings  of  the  most  important  inven- 
tions and  constructions,  and  the  systematic  presentation'  of  all, 
should  prove  useful  to  every  class  of  readers. 

The  fundamental  problem  of  the  engineer  in  this  department 
of  his  work,  as  in  all  other  iields,  is  a  financial  one.  Given  a 
specific  demand  for  steam  ;  to  provide  that  quantity,  certainly 
and  safely  and  continuously,  at  a  minimum  total  cost,  including 
purchase  and  installation  and  capitalized  current  expenditure, 
for  the  life  of  the  apparatus,  together  with  all  incidentals, 
whether  gains  or  losses,  however  affected  by  the  installation 
of  the  boiler.  This  means  reduction  of  weight,  of  space 
occupied,  of  fuel  consumption  and  labour  costs,  of  preparation  of 
foundations  on  shore  and  displacement  of  valuable  cargo  and 
passenger  accommodation  on  shipboard,  of  transportation  of  sup- 
plies, and  of  removal  of  ash.  This  principle  is  most  completely 
complied  with  when  the  installation  contributes  in  a  maximum 
possible  degree  to  the  dividend-earning  capacity  of  the  enter- 
prise, of  w^hich  it  is  a  material  element,  and  when  the  books  of 
the  treasurer  show  most  satisfactory  balances  so  far  as  affected 
by  its  use.  The  so-called  boiler  efficiency  is  an  essential  factor 
in  this  result,  but  it  is  by  no  means  the  only  one.  The  engineer 
is  thus  necessarily,  if  successful,  a  financier  of  high  rank,  and  his 
success  must  always  be  ultimately  gauged  by  a  monetary 
standard.  There  is  always  a  certain  proportion  and  size  of 
boiler  of  any  one  class  and  type  which  affords  a  solution  of  this 
*^  problem  of  the  golden  mean."  *  In  the  attempted  solution  of 
this  ultimate  problem,  the  knowledge  which  may  be  acquired  in 
the  study  of  ascertained  facts  and  of  established  principles,  such 
as  are  here  brought  together,  the  engineer  will  find  essential  aid. 

*  "  Manual  of  Steam  Boilers."     Thurston.     Chapter  XIII. 
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CHAPTER   I. 

Introductory — General  Considerations. 

Although,  in  a  popular  view  of  the  subject,  the  water- tube 
boiler  is  considered  to  be  the  product  of  evolution  in  boiler 
design,  yet  this  is  true  only  as  regards  the  accepted  employment 
of  this  form  of  steam  boilers  for  marine  work.  Regarded  from 
the  point  of  view  of  design,  the  water-tube  (tubulous  or  sectional) 
boiler  is  one  of  the  earliest  products  of  engineering,  as  directed 
to  the  construction  of  steam  machinery.  It  rarely  happens  that 
the  originator  of  any  complete  form  of  apparatus  finds  the  ideas 
of  men  in  general  so  far  advanced,  or  their  minds  so  receptive, 
as  to  induce  them  to  adopt  at  once  a  new  thing,  the  principles 
of  which  they  have  not  grasped.  In  the  main,  ideas  must  rise 
from  what  is  elementary,  although  incomplete,  to  what  compre- 
hends a  larger  view  of  the  subject,  but  which,  although  it  may 
be  called  complex,  if  judged  superficially,  is  none  the  less  simple 
when  its  wider  range  of  principles  is  understood. 

From  very  early  days  in  the  history  of  the  steam  engine,  and 
of  engineering  as  connected  with  it,  there  have  been  instances  of 
men  who  have  sought  in  their  practice  to  carry  correct  prin- 
ciples of  physical  science  to  their  rational  conclusion.  Usually, 
however,  the  apprehension  of  principles  has  preceded  the 
existence  of  the  means  necessary  for  their  practical  application 
with  success — not  to  speak  of  the  general  reiidiness  of  men's 
minds  to  accept  them — and  engineering  has,   in   the  case  of 
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steam  boilers,  witnessed  at  least  one  example  of  this.  So  that 
these  early  attempts  to  reduce  science  to  practice  being  often 
unsuccessful,  general  practice  has  been  really  governed  more  by 
facility  of  construction,'  according  to  the  existing  state  of  appli- 
ances and  materials,  than  by  adherence  to  the  principles  which 
govern  the  working  of  the  apparatus  in  detail.  Doubtless  also, 
there  have  been,  and  are,  some  who,  pointing  to  the  failure  of 
early  examples  of  a  system  of  construction  which  is  correct  in 
theory,  and  to  the  comparative  success  of  types  more  simple 
and  rude,  have  argued  for  the  continuance  of  these  incorrect 
types  and  for  the  abandonment  of  efforts  to  arrive  at  a  successful 
application  of  true  principles.  But  the  law  of  progress  in  human 
affairs  forbids  their  being  listened  to  beyond  a  certain  point,  and 
it  is  an  axiom  in  mechanical,  no  less  than  in  moral,  affairs  that 
magna  est  verilas  et  prat'alebiL 

There  were,  almost  from  the  first,  two  distinct  fundamental 
ideas  upon  which  steam  engine  design  and  working  were  based, 
and  consequently  two  distinct  schools  of  men  connected  with 
these  ideas  of  design.  The  one  school,  which  is  traceable 
through  Von  Guericke,  Huyghens,  Papin,  Newcomen,  Savery 
and  Watt,'  regarded  the  steam  engine  primarily  as  a  vacuum 
engine,  or  apparatus  by  means  of  which  the  pressure  of  the 
atmosphere  could  be  utilised,  and  the  other  school,  comprising 
Leupold,  Hornblower,  Heslop,  Bull,  Trevithick  and  Woolf, 
regarded  it  as  a  pressure  engine  or  apparatus  for  utilising  the 
expansive  force  of  steam  at  pressures  above  that  of  the  atmo- 
sphere. In  the  case  of  the  one  form  of  apparatus,  very  low 
pressures  of  steam  were  used,  the  main  portion  of  the  work 
being  done  by  atmospheric  pressures  acting  upon  one  or,  in  turn, 
both  sides  of  the  piston  ;  whilst  in  the  other  form,  the  steam 
propelled  the  piston  to  and  fro,  and  the  exhaust  took  place  at  a 
greater  or  less  pressure  above  that  of  the  atmosphere. 

In  spite  of  the  great  names  which  have  been  associated  with 
the  former,  it  is  more  in  connection  with  the  latter  that  the 
development  of  the  steam  engine  as  a  heat  engine  has  been 
found   to    proceed — although   the   compound  engine   to   some 

»  See  "A  Treatise  on  Steam  Boilers,  etc.,"  by  Robert  Wilson,  A.I.C.E., 
pages  3-5.    London,  Crosby  Lockwood  and  Co.,  nS//. 

*  See  "The  Steam  Engine  and  Its  Inventors,"  by  K.  L. Gallt)vvay.  London, 
Macmillan  and  Co.,  i88i. 
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extent  combines  both  principles — and  it  is  the  development  of 
the  use  of  high  pressures  of  steam  which  has,  in  its  turn,  forced 
the  question  of  water-tube  boilers  to  the  front  and  their  general 
use  upon  the  serious  consideration  of  engineers. 

In  the  nature  of  the  case  difficulties  from  want  of  suitable 
materials  and  from  imperfections  of  manufacture  were  sure  to 
arise,  and  have  in  the  past  frequently  arisen ;  but  in  our  days  both 
the  quality  of  materials  and  the  power  and  capability  of  machine 
tools  have  been  so  vastly  improved  that  less  difficulty  would  now 
be  experienced  in  constructing  boilers  to  work  at  a  pressure  of 
1,000  lbs.  per  square  inch,  than  would,  at  the  beginning  of  the 
century,  have  been  met  with  in  producing  one  for  100  lbs. 

The  ideas  familiar  to  men  in  general  have  also  progressed, 
and  it  is  an  undoubted  fact  that  the  subject  of  water-tube  boilers 
occupies  now  a  position  very  different  from  that  which  )ias  been 
generally  accorded  to  it  at  any  period  up  till  within  the  last  few 
years. 

As  late  as  the  year  1867,  one  writer  on  the  subject  said,  at  the 
close  of  an  interesting  paper,  *  "  experiment  daily  demonstrates 
that  there  is  no  insuperable  objection  to  the  water-tube  boiler, 
yet  comparatively  little  or  nothing  is  known  about  it  by 
engineers  or  boiler-makers,  and  although  the  author  believes 
that  the  principle  has  a  great  future  before  it,  the  subject  is  very 
far  indeed  from  having  as  yet  received  the  attention  it  deserves." 
That  remark  is  happily  not  applicable  now,  although  we  are  far 
yet  from  having  a  general  acceptance  amongst  engineers  and 
boilermakers  of  the  correctness  of'  the  principles  on  which  the 
design  of  good  water-tube  boilers  sl)ould  be  based. 

Regarding  the  tardy  improvement  in  marine  boiler  design, 
Mr.  F.  J.  Bramwell,  speaking  after  compound  engines  had  been 
well  introduced  and  the  economy  arising  from  the  use  of  steam 
of  comparatively  high  pressure  used  expansively  was  well  estab- 
lished, remarked  in  1872,  *  that  he  had  been  "  often  struck  by 
the  indifference  with  which  for  so  many  years  the  constructors 
and  the  users,  of  marine  steam  engines  regarded  the  question  of 
economy  in  fuel ;  and  by  the  fact  that,  while  wonderful  progress 

*  "On  Water-Tube  Boilers,"  by  V.  Pendred, Trans.  Soc.  of  Engineers,  1867. 

*  Proceedings  of  the  Institution  of  Mechanical  Engineers,  Vol.  for  1872, 
pp.  125-154. 
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was  made  in  the  increase  of  the  speed  of  the  ships,  no  one 
seemed  to  care  about  the  quantity  of  fuel  burnt,  nor  to  look  upon 
excess  in  this  respect  as  a  stigma  on  the  profession  of  the 
mechanical  engineer.  So  far  as  the  marine  engineer  was 
concerned,  the  question  of  getting  this  economy  was  for  many 
years  beset  with  difficulties.  The  construction  of  the  marine 
steam  engine  employed,  and  the  form  of  boiler  with  it,  were 
inconsistent  with  attempts  at  economy.  The  boiler  was 
made,  not  so  much  with  a  view  to  strength,  as  with  the 
object  of  stowage  ;  and  thus  marine  boilers  became  huge 
rectangular  covered  tanks,  with  fireplaces  and  flues  all  having 
flat  sides,  because,  as  was  said,  *that  figure  gives  the  greatest 
cubical  content  in  the  smallest  space.'  Although  engineers 
knew  that  the  cylindrical  shape  was  the  strongest,  yet  even  that 
form  was  not  for  a  long  time  introduced  into  steam  vessels, 
because  it  was  held  that  "the  most  convenient  form  of  the  boiler 
is  that  it  should  be  adapted  to  the  shape  of  the  boat,  and  that 
being  taken  for  granted,  the  safety  would  depend  upon  the 
strength  of  the  metal  and  not  on  the  form."  And  again,  "  The 
construction  of  marine  boilers  for  sustaining  the  higher  pres- 
sures of  steam  now  in  use,  is  a  subject  of  essential  importance 
for  efficiently  carrying  out  the  advantages  of  high  expansion 
in  compound  engines,  and  the  progress  of  their  application 
was  seriously  impeded  at  the  first  by  the  unsuitability  of  the 
boilers  in  use  at  the  time  for  carrying  the  higher  pressures 
required." 

In  1878,*  the  present  author  again  expressed  these  views, 
especially  with  reference  to  the  cylindrical  boilers,  which  had 
by  that  time  succeeded  the  "rectangular  tank"  form,  and  also 
pointed  out  in  what  respects  they  did  not  fulfil  several  conditions 
essential  to  an  efficient  steam  generator. 

Again,  in  1887,  the  late  Dr.  A.  C.  Kirk,  as  President  of  the 
Institution  of  Engineers  and  Shipbuilders  in  Scotland,*  said,  on 
this  subject,  "  So  far  as  we  have  gone  the  saving  effected  in  the 
weight  of  steam  used  to  produce  a  given  power  has  reduced  the 
total    weight   of   the   machinery,   although    the   scantlings  are 

*  "  On  the  Design  and  Use  of  Steam  Boilers,"  British  Association  Reports 
1878,  p.  712,  and  Ettfliturring,  Vol.  xxvi.,  pp.  164  and  283. 

•  "Transactions  of  the  Institution  of  Engineers  and  Shipbuilders  in  Scotland," 
Vol.  xxxi.,  pp.  10,  n. 
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heavier.  From  what  we  have  seen,  not  only  has  there  been  a 
reduction  in  space  occupied,  and  in  the  weight  of  coal  and 
machinery,  but  there  has  been  a  saving  both  in  the  weight  and 
in  the  space  occupied  by  the  machinery  alone,  and  fewer  men 
are  required  to  work  it.  .  .  .  As  to  the  future,  without  setting 
up  as  a  prophet,  I  may,  I  think,  venture  to  predict  that  it  is 
in  the  boiler  rather  than  in  the  engine  that  the  next  great 
step  will  be  made.  What  that  step  will  be  I  dare  not  venture 
to  foretell,  but  I  would  not  have  it  be  imagined  that,  because  the 
water-tube  boilers  of  the  *  Propontis '  gave  out  after  a  time,  the 
water-tube  boiler  cannot  be  revived. 

"  More  is  known  of  the  management  and  action  of  boilers  than 
was  known  then,  and  those  in  charge  have  learned  more,  with 
the  result  that  what  was  not  then  a  success  *  may  contam  the 
germs  of  success  now.  I  commend  the  steam  boiler  to  the 
attention  of  all  my  hearers." 

Even  as  late  as  January,  1897,  we  find  the  author  of  a  paper 
on  "Suction  Draught"  for  boilers'  awaiting  "  the  advent  of 
some  more  commercially  successful  type  of  water-tube  boiler 
than  any  of  the  present  forms,"  and  thus  expressing  the  idea 
that  we  have  not  reached  the  Hmits  of  improvement  in 
boiler  design.  We  shall  endeavour  to  show  in  the  sequel  that 
there  are  solid  grounds  for  the  opinion  that  further  improvement 
is  possible. 

In  the  past  the  special  requirements  of  particular  work  have, 
or  the  duty  required  in  special  circumstances  in  practice  has, 
exercised  an  influence  in  developing  designs  in  certain  direc- 
tions. Thus  the  earliest  development  of  steam  carriages  for 
locomotion  on  roads  brought  into  existence  several  forms  of 
water-tube  or  sectional  boilers,  because  the  great  desiderata  for 
that  special  purpose  were  extreme  lightness  and  rapid  steaming 
power.  Tlie  development  of  railways  and  the  conditions  under 
which  locomotives  work  on  them  have  created  for  us  the  distinct 
form  known  as  the  locomotive  boiler,  and  mercantile  steam 
navigation  has  called  forth  in  succession  the  "  rectangular  tank  " 

>  For  the  reasons  of  this  want  of  success  in  that  instance  the  reader  is 
referred  to  the  "  Transactions  of  the  Institute  of  Engineers  and  Shipbuilders 
in  Scotland,"  Vol.  xli.,  pp.  117-121. 

'"Transactions  Institute  Engineers  and  Shipbuilders  in  Scotland,"  Vol. 
xl.,  p.  107. 
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boiler,  the  "  haystack  "  boiler  and  the  cylindrical,  "  drum  "  or 
"  Scotch  "  boiler,  whilst  the  requirements  of  ships  of  war  and 
especially  of  torpedo  craft,  have  recently  brought  forward 
various  forms  of  water-tube  or  sectional  boilers  with  mechani- 
cally produced  draught,  possessing  the  features  of  extended 
surface,  small  weight  per  indicated  horse  power,  and  gieat 
steaming  power. 

It  will  no  doubt  ultimately  be  found  necessary  to  go  outside  of 
and  beyond  such  requirements  of  special  conditions  of  work  in 
designing  boilers,  and,  as  led  by  the  results  of  investigation  into 
the  physical  conditions  under  which  transference  of  heat  and 
generation  of  steam  should  take  place,  to  proceed  on  the  basis 
of  a  more  intelligent  appreciation  of  physical  facts,  and  with 
more  complete  provision  against  loss  or  waste  of  the  energy 
which  we  wish  to  employ  usefully,  than  has  been  possible, 
hitherto.  Enquiry  into  the  phenomena  of,  and  investigation  of 
many  of  the  questions  connected  with,  the  action  of  steam 
boilers,  have  recently  been  prosecuted  with  considerable  vigour, 
and  it  is  to  be  hoped  that  the  outcome  of  such  research  will  be 
to  illuminate  a  larger  portion  if  not  the  whole  of  the  field  of 
boiler  action,  by  means  of  which  engineers  may  be  able  to 
understand  clearly  what  are  the  physical  conditions  for  which 
they  have  to  provide  in  designing  a  steam  boiler. 

The  kind  of  advice  usually  given  in  text-books  on  boilers  with 
reference  to  boiler  design  will,  it  is  also  to  be  hoped,  soon 
change,  and  instead  of  our  having  "custom,  the  kind  of  water 
used,  and  the  cost  and  quality  of  fuel  in  a  given  locality,"  urged 
as  the  proper  factors  to  determine  the  kind  of  boiler  which 
should  be  used  there,  our  "  custom  "  will  rather  be  to  know  how 
to  treat  any  kind  of  water  and  any  quality  of  fuel  so  that  the  most 
economical  results  can  be  obtained  from  them  in  a  proper /on« 
of  boiler.  We  are  sometimes  told  that  "  deviation  from  common 
practice  is  bad  and  should  be  made  only  for  sufficient  reasons," 
but  that  is  in  one  sense  bad  advice,  because  it  assumes  that 
common  practice  has  reached  the  summit  of  perfection,  instead 
of  its  being  itself  the  thing  which  constantly  needs  to  be  elevated. 
Such  advice  disparages  improvement  and  puts  an  inadequate 
and  really  pusillanimous  standard  before  young  engineers, 
tending  to  destroy  or  suppress  independence  or  originality  of 
thought,  and  to  teach  them  to  seek  ignoble  ease  under  the  safe 
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shelter  of  a  popular  acceptance  of  erroneous  notions.  The  only 
sense  in  which  the  advice  should  be  adopted  is  that  in  which 
the  room  for  improvement  is  constantly  accepted  as  a  "  sufficient 
reason "  for  a  continuous  effort  to  "  deviate  from  common 
practice."  In  a  recent  work  on  Boilers  the  general  features 
which  are  to  be  looked  for  in  all  boilers  are  set  forth,  and 
we  are  told  that  whatever  may  be  the  type  of  boiler  chosen 
for  any  particular  work  or  locality  there  must  be  provided  the 
following  : — 

1.  Sufficient  grate  area  to  burn  the  fuel  required  under  the 
available  draught. 

2.  Suitable  combustion  space  to  properly  burn  the  fuel. 

3.  Sufficient  area  of  flues  or  tubes  to  carry  off  the  products  of 
combustion. 

4.  Sufficient  heating  surface  to  absorb  the  heat  generated. 

5.  Proper  water  space  to  prevent  too  great  a  fluctuation  of 
the  water  level  when  there  is  an  irregular  demand  for  steam. 

6.  Suitable  steam  space  to  prevent  too  great  a  fluctuation  of 
pressure  when  steam  is  taken  at  intervals,  as  for  the  cylinders 
of  a  steam  engine. 

7.  Sufficient  free  water  area  for  disengagement  of  steam. 
Such  a  statement  of  the  case  is,  however,  most  imperfect,  and 

the  omission  of  all  consideration  of  several  essential  elements  in 
boiler  design  and  working  renders  it  useless  except  under  the 
conditions  of  the  use  of  a  certain  kind  of  boiler. 

In  fact  the  authors  themselves  dismiss  most  water-tube  boilers 
as  unsuitable  on  these  grounds :  "  The  last  three  conditions  are 
not  fulfilled  by  most  water-tube  boilers  ;  some  such  boilers 
depend  on  a  separator  for  disengaging  steam  from  water  "  ;  and 
evidently  the  only  good  water-tube  boilers,  according  to  this 
criterion,  would  be  those  which  depart  least  in  design  from  the 
cylindrical  or  other  tank  boilers. 

But  it  is  worth  considering  whether  under  altered  conditions 
such  a  summary  of  necessary  conditions  may  not  wholly 
disappear.     Thus  as  to 

I.  What  if  it  is  found  better  to  dispense  altogether  with  the 
existing  arrangement  of  giates  and  to  introduce  methods  of 
combustion  widely  differing  from  those  at  present  in  use  which 
necessitate  both  "  grates  "  and  *'  draught  "  ?  Even  with  gaseous 
fuel  no  grate  would  be  required. 
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2.  When  fuel  is  burnt  it  is  a  truism  that  there  must  be  suitable 
combustion  space  provided  for  the  operation,  but  we  are  not 
informed  in  the  statement  of  this  requirement  under  what  condi- 
tions the  fuel  is  to  be  burned,  and  therefore  it  follows  that  what 
might  be  suitable  in  one  method  of  combustion  would  be  quite 
unsuitable  for  another. 

3.  To  be  properly  stated  this  condition  should  have  informed 
us  at  what  velocity,  under  what  pressure,  and  at  what  tempera- 
ture the  products  of  combustion  are  to  be  carried  off,  as  these 
elements  would  cause  wide  differences  in  sizes  of  exits  wanted  ; 
and  similarly  in 

4.  We  should  be  informed  at  what  rate  the  heat  generated 
is  to  be  absorbed  by  the  heating  surface.  There  is  a  wide 
difference  in  this  matter  between  what  is  theoretically  possible 
and  the  best  that  has  as  yet  been  done  in  boilers. 

5.  As  to  this  we  need  to  ask,  **  fluctuation  "  where  ?  In  a  gauge- 
glass  or  column  outside  the  boiler,  or  in  the  boiler  itself  ?  The 
latter  evidently  is  meant,  but  our  ideas  of  a  large  surface  of  water, 
broken  only  by  the  appearance  of  bubbles  and  momentary 
upheavals  of  small  portions  of  the  surface,  are  quite  foreign 
to  what  is  no  doubt  proper  to  a  boiler  as  a  steam  generating 
machine^  in  which  the  essential  condition  is  that  the  whole  of 
the  water  in  the  boiler  should  be  kept  in  continuous  and  rapid 
motion. 

6  and  7  are  simply  corollaries  from  5,  and  if  they  do  not 
simply  mean  that  boilers  of  sufficient  size  to  supply  the  power 
needed  must  be  provided,  they  proceed,  as  does  5,  on  partial 
and  incomplete  views  of  what  proper  steam  generation  may 
require.  Why,  for  instance,  should  it  be  assumed  that  "free 
surface  '*  (so-called)  is  better  for  disengaging  steam  from  water 
than  the  use  of  some  form  of  separator  ?  What  principle  that  is 
correct  is  in  action  where  "  free  surface  "  exists  that  cannot  be 
introduced  into,  or  employed  in,  a  separator  ?  It  is  evidently  a 
simple  question  of  counteracting  the  effects  of  rapid  motion,  so 
as  to  permit  of  the  action  of  gravity  which  causes  fluids  of 
different  specific  gravities  to  separate  from  one  another.  The 
"  free  surface,"  where  the  water  is  clean,  permits  the  operation 
of  the  action  of  gravity  to  take  place  in  one  way,  arid  the 
separator,  when  it  is  an  efficient  one,  provides  for  that  action  in 
another,  but  not  necessarily  a  less  efficacious  way. 
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At  present,  we  may  venture  to  assert  that  the  following  are 
demanded  from  a  good  boiler,  and  that  they  afford  a  criterion  by 
which  boilers  can  be  compared  and  judged  : — 

1.  The  maximum  of  heating  surface  in  proportion  to  weight. 

2.  The  maximum  of  strength  with  minimum  thickness  and 
weight  of  material. 

3.  The  maximum  of  strength  due  to  the  form  without 
artificial  support,  such  as  from  stays. 

4.  The  maximum  of  circulation  of  the  water  inside. 

5.  The  maximum  of  circulation  of  the  gases  outside. 

6.  The  maximum  of  transference  of  heat  from  the  gases  to  the 
water  per  unit  of  surface. 

7.  The  minimum  of  weight  in  proportion  to  steaming  power. 

8.  The  minimum  of  fuel  consumed  per  effective  horse  power. 

9.  The  minimum  of  water  delivered  with  the  steam. 

10.  The  minimum  of  heat  delivered  into  the  atmosphere. 
The  proof  of  these  things  will  come  up  in  detail  as  we  investi- 
gate the  subject,  and  we  shall  probably  get  an  approximate  idea 
of  the  best  that  is  possible,  by  means  of  which  we  can  institute 
a  fairly  true  comparison  between  rival  boiler  designs. 


CHAPTER   II. 

Some  Fundamental  Elements  of  Boiler  Design. 

There  are  certain  elements  of  boiler  design  which,  being 
fundamentally  necessary,  are  permanent  and  unaffected  by 
modifications  which  may  require  to  be  introduced  as  certain 
physical  actions  or  laws  become  better  understood.  We  are 
plainly  concerned  with  the  laws  of  fluid  pressure  ;  with  those 
connected  with  steam  as  a  gas  w'hich  requires  a  considerable 
expenditure  of  heat  for  its  formation  and  maintenance  at 
pressures  of  several  atmospheres,  at  which  it  is  capable  by  its 
expansion  of  producing  great  dynamical  effects,  and  these  must 
be  provided  for.  There  are  also  considerations  connected  with 
the  use  of  boilers  which  impose  some  necessary  conditions  on  all 
designs. 

Fluid  Pressure.  —  According  to  PascaPs  law  of  fluid 
pressure,  disregarding  the  effect  of  gravity,  the  pressure  is  trans- 
mitted undiminished  in  all  directions,  and  acts  with  the  same 
force  on  all  equal  surfaces,  or  proportionally  to  the  area  of  the 
surface  of  any  part  of  the  internal  walls  of  the  vessel,  and  in  a 
direction  at  right  angles  to  the  surface.  In  the  case  of  cylindri- 
cal vessels  containing  fluid  under  pressure,  the  pressure  per 
square  inch  on  the  vessel  multiplied  by  the  number  of  inches  in 
the  circumference,  gives  the  total  stress  exerted  on  a  ring  of  the 
circumference  an  inch  wide. 

Strength  in  Relation  to  Form  and  Dimensions. — The  foregoing 
refers  to  pressure  exerted  radially  in  all  directions,  and 
is  not  to  be  confounded  with  the  measurement  of  the  force 
tending  to  split  the  cylinder  longitudinally.  As  to  this  latter,  it 
is  dealt  with  in  many  works  on  applied  mechanics,  and  on 
boilers.  Mr.  R.  Wilson  (in  "A  Treatise  on  Steam  Boilers," London, 
1877),  for  instance,  says  that  the  force  tending  to  rupture  the  unit 
length  of  the  cylinder  of  a  boiler  longitudinally,  is  represented 
by  multiplying  the  diameter  by  the  pressure  on  each  unit  of 
surface.  The  total  amount  of  force  tending  to  divide  the  cylinder 
in  lines  parallel  to  its  axis  is  therefore  found  by  multiplying  the 
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above  product  by  the  length  of  the  cylinder.  The  manner  in 
which  this  strain  is  borne  by  the  material  of  the  boiler  greatly 
depends  on  its  thickness.  "  When  this  is  considerable,  compared 
with  the  diameter,  as  in  hydraulic  presses  and  cannon,  the  inner 
layers  of  the  material  are  more  severely  taxed  than  those  on  the 
outside.  This  difference  may  be  so  great,  that  the  latter  render 
no  material  assistance  to  the  former.  .  .  .  The  strength  of  a 
cylinder  to  resist  transverse  pressure  -is  therefore  proportionate 
to  the  thickness  and  is  represented  by  the  tenacity  or  tensile 
strength  of  the  material,  multiplied  by  the  section  on  both  sides, 
or  twice  the  thickness  multipHed  by  the  length." 

It  is  easy  to  see,  therefore,  the  great  gain  in  strength  which  is 
obtained  by  reducing  diameters  and  thicknesses,  and  this  fact 
points  distinctly  to  the  fitness  of  water-tube  boilers  for  with- 
standing high  pressures. 

Another  advantage  that  is  gained  by  the  use  of  small  diameters 
is  that  as  there  is  less  departure  from  truly  circular  forms,  there 
is  less  opportunity  given  to  the  pressure  to  produce  deformation 
of  the  boiler.  Boilers  of  large  diameter  necessarily  depend,  for 
strength  to  resist  pressure,  to  a  considerable  extent,  upon  the 
material  of  which  they  are  constructed,  and  hence,  as  the  steam 
pressures  in  use  have  gone  up,  the  thicknesses  of  shell  plates 
have  also  advanced  as  far  as  possible  with  safety,  first,  with 
wrought  iron  and  then  with  steel  as  the  material/  The  use  of 
this  thicker  material,  amongst  other  disadvantages,  causes  a 
greater  difference  in  diameters  between  the  various  rings  or 
longitudinal  portions  of  the  boiler  shell,  as  well  as  between  the 
shell  and  the  lap  or  butt  joints  in  it,  and  this  accentuates  the 
inequality  of  the  stresses  to  which  such  shells  are  subjected. 
This  subject  has  been  frequently  referred  to  in  works  on  boilers, 
but  seldom  in  more  clear  and  forcible  language  than  the  follow- 
ing*:— "  Emerson  showed,  more  than  sixty  years  ago,  that  the 
stress  tending  to  split  in  two  an  internally  perfectly  cylindrical 
pipe  submitted  to  the  pressure  of  a  fluid  from  the  interior,  is  as 
the  diameter  of  the  pipe  and  the  fluid  pressure.  He  also  showed 
that  the  stress  arising  from  any  pressure,  upon  any  part,  to  split  it 

*  See  on  "  Experience  in  the  Use  of  Thick  Steel  Boiler  Plate,"  by  William 
Parker.    Trans.  Inst.  N.A.,  1885. 

»  See  "  On  the  Wear  and  Tear  of  Steam  Boilers,"  by  F.  A.  Paget,  C.E. 
Jour.  Soc.  of  Arts,  London,  1865,  p.  388. 
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longitudinally,  transversely,  or  in  any  direction,  is  equal  to  the  pres- 
sure upon  a  plane  drawn  perpendicular  to  the  line  of  direction. 

"  As  in  a  boiler  the  thickness  of  the  metal  is  small  compared 
with  the  radius,  the  circumferential  tension  has  been  assumed  to 
be  uniformly  distributed  ;  and  the  strain  per  unit  of  length  upon 
the  transverse  circular  joint,  being  only  half  that  upon  the  longi- 
tudinal joints,  the  strength  of  the  latter  has  been  taken  as  the 
basis  of  the  calculations  for  tensile  strength  of  the  joints.  But  in 
taking  the  internal  diameter  of  the  boiler  as  the  point  of  depar- 
ture, the  internal  section  has  been  assumed  to  be  a  correct  circle, 
which  would  only  be  practically  true  in  the  case  of  a  cylinder 
bored  out  in  a  lathe,  but  never  in  that  of  a  riveted  boiler.  Two 
of  Emerson's  corollaries  from  his  first  proposition  have,  in  fact, 
been  neglected.  He  showed  that  if  one  of  the  diameters  be 
greater  than  another,  there  will  then  be  a  gieater  pressure  in  a 
direction  at  right  angles  to  the  larger  diameter  ;  the  greatest 
pressure  tending  to  drive  out  the  narrower  sides  till  a  mathe- 
matically true  circle  is  formed.  The  second  is,  that  if  an  elastic 
compressed  fluid  be  enclosed  in  a  vessel,  flexible  and  capable  of 
being  distended  every  way,  it  will  form  itself  into  a  sphere." 

The  strains  put  upon  the  shells  of  large  cylindrical  boilers,  such 
as  marine  boilers  of  the  "  Scotch  "  or  "  drum  "  type,  are  further 
compHcated  by  the  insertion  of  furnaces  and  combustion 
chambers,  which  are  stayed  to  the  shell  and  ends  ;  and  there  are 
also  the  flat  surfaces  which  are  inseparable  from  boilers  of  large 
diameter  as  ordinarily  made,  and  must  be  stayed  together.  These 
latter  have  equal  pressure  upon  them  only  when  these  surfaces 
are  equal,  but  this  they  very  seldom  are,  and  consequently  there 
is  an  opportunity  presented  in  their  existence  for  the  action  of 
unequal  pressure  producing  further  deformation. 

Dcformaiiorij  Changes  due  to  Pressure.  —  Some  measure- 
ments of  the  actual  amount  of  deformation  of  Scotch  or 
cylindrical  boilers  observed  at  both  working  pressure  and 
test  pressure  have  been  published  by  Mr.  J.  T.  Milton,* 
Chief  Engineer-Surveyor  to  Lloyd^s  Registry,  and  these  show  the 
extent  of  the  deflections  to  be  in  general  in  direct  proportion  to 
the  pressure  applied,  '*  being  at  the  test  pressure  about  twice 
that  at  the  working  pressure." 

'  "  Notes  on  some  Alterations  of  Form  to  which  Boilers  are  Subject  when 
under  Working  Conditions."     Trans.  Inst.  N.A.,  Vol.  xxxiv.,  1893,  p.  157. 
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BoUcr  A. 

Boiler  B. 

BoUer  C 

Diameter  of  boiler  (mean)     ... 

14  ft.  I  in. 

15  ft. 

15  ft-  3  in. 

17  ft. 

Length  of  boiler 

10  ft. 

9  ft.  9  in. 

i6o  lbs.  320  lbs. 

8o  lbs.       i6o  lbs. 

160  lbs.     320  lbs. 

No.  and  description  of  furnaces 

3Purves. 

3  plain. 

6  Fox. 

Diameter  of  furnace  (outside) 

3  ft  3  in. 

3  ft  6  in. 

3  ft  II  in. 

Leni^h  of  furnace,  over  tube 

plates        ...           

7  ft. 

6  ft  6  in. 

6  ft  8  in. 

No.  of  combustion  chambers 

in  boiler 

3 

3 

3  each  common  to 

2  furnaces. 

sides  of  chambers  ... 

2 

2 

4 

Thiclcness  of  shell  plates 

It  in. 

Hin. 

III  in. 

Thickness   of    chamber  side 

plates 

ifin. 

Jin. 

tin. 

Thickness  of  chamber  bottom 

plates 

I  in. 

|in. 
|in. 

lin. 
Glrdm. 

Thickness  of  furnace  plates  ... 
Chamber  tops  stayed  by 

liin. 

Girdere. 

Curved. 

Chamber  bottoms     ... 

Not  stayed. 

Stiffened  with  ■  not 
connected  to  shelL 

wot  stayed. 

OBSERVED  Alterations  of  Dimensions. 

At  working 

Attest 

At  workinK 

AttctI 

AtworkiBK 

At  tot 

prcMureof 

prewurcof 

pmsureof 

preMureof 

preaweof 

itelba. 

iVilbt. 

Solbt. 

itolbt. 

itettM. 

S2onm. 

Decrease  of  horizontal  dia- 

Inch. 

Inch. 

Inch. 

Inch. 

Inch. 

Inch. 

meter  of  shell 
Increase  of  vertical  ... 

0 
1^ 

t 

o 

i 

S 

V 

Decrease  op  width  of 

Ckntkb  of  Combustion 

Chamber  :— 

(I)  At  level  of  centre  of  boiler. 

Near  back  plate  (boUer  C 

near  tube  plate) ... 

A 

t 

0 

* 

A 

A 

At  centre  ... 

o 

A 

S 

A 

^ 

Near  tube  plate     

A 

x\ 

A 

A 

A 

1 

Near  back  plate  (boiler  C 

near  one  tube  plate) 
At  centre  ... 

^ 

5 

t 

ii 

? 

1 

Near  lube  plate     

(3)  At  sprinf^ng  of  cyUndrical 
part  of  bottom. 

•^ 

^ 

A 

Near  back  plate  (boiler  C 

near  one  tube  plate) 

0 

^ 

0 

0 

i 

A 

At  centre  ... 

A 

^ 

o 

A 

A 

A 

Near  tube  plate     

>Ai 

A 

A 

A 

A 

A 

DSCRRASE    OF    WIDTH  OF 

Starboard  Chamber  :~ 

(I)  At  level  of  centre  of  boiler. 

Near  back  plate  (boiler  C 

near  one  tube  plate) 

0 

^ 

o 

0 

0 

^ 

At  centre  ... 

o 

o 

0 

0 

S 

A 

Near  tube  plate     ... 

1^ 

^ 

^ 

A* 

A 

(2)  At  springing  of  cylindrical 

part  of  the  bottom. 

Near  back  plate  (boUer  C 

near  one  tube  plate) 

o 

o 

0 

A 

A 

A 

At  centre  ... 

0 

o 

0 

0 

5 
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These  observations  are  given  in  Tables  I.  and  II.,  and  the 
designs  of  boilers  to  which  they  refer  are  shown  in  the  outline 
diagrams,  Figs,  i  to  5. 

Mr.  Milton  remarked  that  "  in  designing  boilers,  the  require- 
ments of  strength  are  generally  supposed  to  be  fully  met  by 


PIO.  3. 


considering  the  cylindrical  shell  to  be  in  perfect  equilibrium  under 
the  uniform  internal  pressure,  which  produces  a  tensional  stress 
in  the  shell  plating  proportional  to  the  pressure  and  to  the 
diameter  of  the  boiler.  The  furnace  flues  are  cylindrical  in  form 
and,  together  with  the  cylindrical  portions  of  the  combustion 
chamber  bottoms,  are  supposed  to  be  in  equilibrium  under  the 
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uniform  external  pressure  and  the  compressive  stress  it  produces 
in  the  plates  ;  while  the  flat  parts  of  the  boiler  are  supposed  to 
be  perfectly  supported  by  the  stays.  In  practice,  however,  there 
are  several  considerations  which  lead  to  departures  from  the 
simple  conditions  above  alluded  to,  and  it  is  in  consequence  of 
these  that  the  deformations  of  the  different  parts  take  place. 
The  most  important  of  these  changes  of  form  are  the  variations 
of  the  transverse  dimensions  of  the  combustion  chambers,  and 
the  alteration  of  shape  of  the  cylindrical  shell.  Considering  the 
latter  first,  it  is  evident  at  once  that  the  cyHndrical  shell  will  be 
in  equilibrium  if  it  is  truly  circular  in  shape,  and  is  subjected  to  a 
uniform  internal  pressure,  but  to  no  other  forces.  If,  however, 
it  is  acted  upon,  in  addition  to  the  pressure,  by  other  forces  not 
uniformly  distributed  round  the  circumference,  the  equilibrium 
will  be  destroyed,  and  an  alteration  from  the  truly  cylindrical 
form  must  take  place.  In  most  boilers  these  latter  conditions  hold. 
The  sides  of  the  wing  combustion  chambers  are  stayed  to  the 
shell,  as  shown  in  Fig.  i  and  unless  the  staying  is  continuous 
round  the  crown  and  bottom  of  the  boiler,  as  in  Figs.  2  and  3, 
the  pull  of  the  stays  must  distort  the  boiler,  lessening  its 
horizontal  and  increasing  it?  vertical  diameter. 

"  Next,  consider  the  flat  surfaces.  If  two  equal  surfaces  be 
tied  together  by  stays  and  be  subjected  to  equal  pressures  in 
opposite  directions,  they  will  be  in  equilibrium,  and  the  stress  in 
the  stays  may  fairly  be  taken  as  equal  to  the  total  pressure  on 
either  of  the  surfaces.  If,  however,  unequal  surfaces  are  stayed 
together,  and  are  subjected  to  equal  intensity  of  pressure,  it  is 
evident  that,  the  load  on  the  larger  surface  being  greater 
than  that  on  the  smaller,  the  smaller  surface  cannot  produce 
supporting  forces  in  the  stays  sufficient  to  prevent  all  yielding, 
and  deformation  will  occur,  the  stays  moving  in  the  direction  of 
the  larger  surface,  which  will  bulge  outwards,  while  the  smaller 
surface  will  be  drawn  inwards  against  the  pressure  by  the  stays. 
An  illustration  of  this  is  shown  in  Fig.  4,  which  represents  the 
horizontal  section  of  a  double-ended  boiler  with  six  furnaces  and 
three  combustion  chambers.  The  area  of  the  front  tube  plate  is  • 
greater  than  the  combined  areas  of  the  three-back  tube  plates. 
They  are  tied  together  by  the  tubes,  and  when  under  pressure 
the  front  tube  plate  bulges  outwards,  drawing  the  back  tube 
plates  with  it,  as  shown  exaggerated  by  the  dotted  lines. 
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"  Coming  to  the  sides  of  the  combustion  chambers,  we  have 
those  nearest  to  the  shell  plates  connected  to  the  shell  by  stays. 
The  pressure  on  the  chamber  side  plates  would  cause  them  to 
bulge  inwards  if  there  were  no  stays  ;  the  tendency  to  bulge  pro- 
duces a  tension  in  the  stays  which,  as  we  have  seen,  distorts  the 
shell  from  a  truly  cylindrical  form.  This  yielding  of  the  shell 
must  be  accompanied  by  a  yielding  of  the  chamber  sides,  which 
accordingly  become  curved  inwards. 

"  If  we  now  consider  the  chamber  as  a  whole,  we  see  that  as 
the  pressure  on  the  side  a  b  (Fig.  4)  is  exactly  equal  to  that  on 
the  side  c  d,  the  total  forces  exerted  by  the  stays  on  the  side  c  d 
must  also  be  equal  to  the  total  forces  exerted  by  the  stays  on  the 


FIG.  4. 

side  a  h.  The  difference  between  the  total  pressure  on  either 
side  and  the  forces  exerted  by  the  stays  on  that  side  must  be 
borne  by  the  tube  plates  a  c  and  b  d,  which  will  be  put  into 
compression.  The  sides  e  f  and  c  d  must  be  under  nearly  the 
same  conditions  of  load  and  support  as  the  side  a  b,  and  there- 
fore their  deformation,  if  any,  under  these  conditions,  must 
practically  be  the  same  as  that  of  a  6,  so  that  all  three  chambers 
will  be  nearly  equally  deformed.  The  stays  in  the  water  spaces 
are  practically  unaltered  in  length,  so  that  the  diminution  of 
horizontal  diameter  of  the  shell  will  produce  a  collapse  or 
narrowing  of  each  of  the  chambers  equal  to  about  one-third  of 
the  alteration  of  diameter. 

"  It  will  be  seen  from  the  Tables  that  the  greatest  alteration 
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which  takes  place  is  in  the  horizontal  width  of  the  combustion 
chambers,  at  about  the  level  of  the  centre  of  the  wing  furnaces. 
Fig.  5  shows  a  section  of  the  boiler  at  this  part.  The  wing 
chamber  plates  at  about  this  level  are  parts  of  cyHndrical 
surfaces,  and  if  there  were  no  stays  fixed  to  them  they  would 
retain  their  form  when  the  boiler  was  subjected  to  pressure. 
Evidently  then,  if,  in  addition  to  the  pressure,  they  have  forces 
acting  on  them  produced  by  the  pull  of  the  stays,  they  must 
alter  in  form,  yielding  in  the  direction  of  the  pull,  the  case  being 
similar  to  that  of  the  shell  plating  acted  on  by  the  pull  of  the 
side-stays.  If  any  yielding  takes  place  in  this  direction,  the 
side    plating   of   the    centre    chamber    must    become    equally 
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FIG.  5. 


distorted,  and  the  Tables  show  that  in  some  cases  the  narrowing 
of  the  centre  chamber  produced  by  this  distortion  is  nearly  a 
quarter  of  an  inch  at  the  working  pressure,  and  as  much  as  half 
an  inch  at  the  testing  pressure.  The  yielding  of  the  wing 
chamber  side  plating  is,  of  course,  of  equal  amount  to  that  of 
the  plating  of  the  centre  chamber  ;  but  as  it  is  outwards  at  this 
side,  w'hile  the  plating  at  the  other  side  yields  inwards,  the 
width  of  the  wing  chambers  at  this  part  is  not  so  much  altered, 
and  the  straining  action  is,  therefore,  somewhat  masked. 

"  It  is  to  be  also  noticed  that  in  the  side  chambers,  the  plating 
being  continuous  at  this  part  with  the  furnaces,  the  deformation 
referred  to  will  take  place  without  producing  severe  local 
stresses,  but  in  the  centre  chamber  at  this  level  the  tube  plates 
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prevent  any  yielding  of  the  side  plating  adjacent  to  them,  and  it 
scarcely  needs  pointing  out  that  the  deformation,  being  of  the 
extent  above  mentioned  at  the  centre,  and  nearly  as  much  at 
the  end  stays,  but  practically  nothing  at  the  tube  plate  ends, 
must  put  a  severe  local  strain  on  the  plates,  especially  if  the 
staying  is  close  to  the  tube-plate  flange." 

Mr.  Milton  does  not  seem  to  have  included  in  his  observations 
any  measurement  of  deformation  of  the  boiler  shell  due  to  the 
opening  made  in  it  for  the  steam  dome  and  to  the  form  of  the 
steam  dome,  or  any  measurement  of  alteration  of  form  in  the 
steam  dome  itself  under  pressure.  Yet  it  is  undoubted  that 
these  have  been  in  the  past  serious  causes  of  weakness,  and  even 
of  danger,  as  explosions  such  as  those  in  the  steamers 
"  Marcasite  "  and  "  Renown  "  long  ago  proved.* 

Now,  although  it  is  to  be  remarked  that  these  alterations  of 
form  which  are  recorded  in  Mr.  Milton's  Tables  are  not  severe 
enough  in  general  to  produce  a  permanent  set,  even  at  the  test 
pressures,  and  that  in  spite  of  the  existence  of  such  alterations 
many  boilers,  which  are  from  their  design  subject  to  them,  have 
continued  in  successful  w-ork  for  years,  so  that  these  deforma- 
tions are  not  in  themselves  dangerous  so  long  as  boilers  are 
constructed  of  material  of  good  ductile  quahty,  yet  "  their 
extent  indicates  the  necessity  for  using  material  possessing  a 
very  high  degree  of  ductility,  and  for  so  designing  the  details  of 
the  construction  that  the  inevitable  deformations  may  take  place 
without  producing  severe  local  strains." 

Oscillalory  Strains — Fatigue  of  Metals. — It  must  be  borne  in 
mind  also  that  iron  and  steel  become  deteriorated  in  ductility 
by  a  frequent  repetition  of  strains  which  are  individually  much 
less  than  the  stress  which  would  produce  sudden  fracture  or 
permanent  set,  and  therefore  in  this  view  it  might  even  be 
better  for  boilers  if  the  test  pressure  produced  once  for  all, 
as  a  permanent  set,  the  maximum  alteration  of  form  due  to  the 
pressure. 

This  subject  of  the  effect  of  repeated  or  oscillatory  strains,  to 
which  the  name  of  the  "  fatigue"  of  metals  was  given,  was  very 
carefully  investigated  several  years  ago  by  M.  Wohler,  the 
chief   Engineer   of   the  Niederschlesisch-Markische  Eisenbahn 

*  See  an  article  entitled  "  The  Recent  Marine  Boiler  Explosions,"  by  F.  J. 
Rowan,  published  in  The  Anglo- A nstni lust au,  London,  1875. 
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in  Prussia,  and  in  addition  to  M.  Wohler's  papers,  published  in 
"Erkbam's  Zeitschrift  fiir  Bauwesen"  for  1858,  i860,  1863, 
1866,  and  1870,  the  Prussian  State  Railway  exhibited  at  the 
Paris  Exhibition  in  1867  sketches  of  the  ingenious  testing 
machines  constructed  by  M.  Wohler  for  this  work,  and  also 
specimens  and  results  of  his  various  tests.  A  very  interesting 
account  of  these  experimental  researches  was  given  by  the  late 
Mr.  Ferdinand  Kohn  in  his  book  on  "  Iron  and  Steel  Manu- 
facture,"* and  on  M.  Wohler  relinquishing  the  work,  it  was 
carried  on  by  Prof.  Spangenberg  and  others.  Results  also 
obtained  by  Sir  W.  Fairbairn,*  by  Prof.  Knut  Styffe'  at  Stock- 
holm, by  M.  Josef  von  Stummer-Traunfels,^  Engineer  of  the 
Northern  Railway  of  Austria,  and  other  investigators  of  the 
elasticity  of  metals,  abundantly  confirmed  the  correctness  of 
M.  Wohler's  deductions.  These  may  be  briefly  stated  as  follows  : 
(i)  Fracture  may  be  produced  by  the  continual  repetition  of 
oscillating  stresses,  all  of  them  much  below  the  breaking  stress. 
It  is  the  differences  of  strain,  defined  by  the  extent  of  the 
oscillations  which  then  produce  fracture.  (2).  The  absolute 
value  of  these  stresses  only  enters  into  the  question  so  far  that 
the  greater  this  value  the  smaller  are  the  differences  which  will 
finally  produce  fracture.  Short  of  producing  fracture  (though 
continuing  up  to. the  point  of  fracture)  considerable  changes  in 
the  molecular  structure  of  the  metal  are  produced  by  the 
"  fatigue."  * 

Professor  Spangenberg^s  investigations  confirmed  Wohler's 
law,  and  his  enquiries  into  the  connection  between  the  appear- 
ance of  fractures  and  the  molecular  changes  produced  in  the 
material  broken  by  repeated  strains,  showed  that  the  crystalline 
form  was  gradually  changed   to   the   amorphous.     Thus  arise 

*  Published  by  William  Mackenzie,  Glasgow,  in  1869,  pages  245-249.  See 
also  Min.  Proc.  Inst.  C.E.,  Vols  Ix.,  415  (containing  an  abstract  of  paper  by 
Prof.  L.  Spangenberg,  published  in  Glaser's  "Annalen  fiir  Gewerbe  und 
Bauwcsen,"  Vol.  v.  p.  6),  Ixiii.,  276-278,  and  Ixiv.  283  ;  Engineerings  Vols, 
iv.  p.,  160,  and  xi.  p.,  199,  etc. 

*  British  Association,  1867. 

*  '•  The  Elasticity  of  Iron  and  Steel,"  by  Knut  Styffe.  London  :  John 
Murray,  1869. 

*  F.  Kohn,  *•  Iron  and  Steel  Manufacture." 

*  "  Professor  Thurston's  Manual  of  Steam  Boilers  "  seems  to  be  the  only 
work  on  Boilers  which  includes  this  action  in  the  consideration  of  the  strength 
of  boilers. 
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different  states  of  equal  density  of  the  molecules,  each  state 
having  its  own  limit  of  elasticity.  Professor  Spangenberg  tested 
the  molecular  theory  by  means  of  experiments  on  the  velocity  of 
conduction  of  sound  in  ^the  bars  by  Kundt's  method,  and  found 
corroborative  results. 

Causes  of  Oscillatory  Strains. — In  boilers  several  causes  com- 
bine, where  deformation  is  possible,  to  produce  the  repeti- 
tion of  strains  or  oscillating  stresses,  and  there  are  not 
wanting  proofs  of  their  effects  on  the  molecular  structure 
of  the  material,  (i)  One  of  these  causes  is  the  frequent 
raising  and  lowering  of  the  steam  pressure,  not  only  at  the 
commencement  and  end  of  a  voyage  or  period,  when  steam 
is  first  got  up,  and  when  the  pressure  is  wholly  released 
in  the  boiler,  but  also  at  the  various  stoppages  or  interrup- 
tions during  its  course,  and  even  in  the  lesser  fluctuations 
of  pressure  from  hour  to  hour,  or  from  watch  to  watch, 
according  to  the  state  of  the  fires.  A  graphic  log,  such  as  that 
brought  forward  by  Mr.  Robert  Caird  and  Mr.  G.  Gretchin  in 
"  The  Transactions  of  the  Institution  of  Engineers  and  Ship- 
builders in  Scotland  **  (Vol.  xli.,  p.  155),  might  give  a  complete 
record  of  such  fluctuations  of  pressure,  but  few,  if  any,  such 
records  have  been  published  as  yet.  (2)  Again,  in  working, 
the  pulsatory  delivery  of  steam  to  the  engines  has  been  proved 
to  produce  a  gentle  undulation  or  "  breathing  "  action  which, 
though  small,  cannot  be  considered  insignificant  on  account  of 
its  frequency,  being,  as  it  is,  synchronous  with  the  number 
of  strokes  of  the  piston  per  minute. 

Mr.  F.  A.  Paget,  in  the  paper  already  quoted,  remarked, 
"  According  to  Dr.  Joule,  the  mere  dead  pressure  of  an  elastic 
fluid  is  due  to  the  impact  of  its  innumerable  atoms  on  the  sides 
of  the  confining  vessel.  When  the  motion  of  a  current  of  steam 
is  suddenly  checked,  as  by  the  valve,  in  its  passage  from  the 
boiler  to  the  cylinder,  its  speed  and  weight  cause  a  recoil  on  the 
sides  of  the  boiler  analogous  to  the  effects  of  the,  in  this  case, 
almost  inelastic  current  of  water  in  the  hydraulic  ram.  This 
action  is  necessarily  most  felt  with  engines  in  which  the  steam 
is  let  on  suddenly,  as  in  the  Cornish  and  other  single-acting 
engines,  working  with  steam  valves  suddenly  affording  a  wide 
outlet,  and  as  suddenly  closing.  It  produces  such  phenomena 
as  the  springing  or  breathing  of  cylinder  covers,  and  the  sudden 
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oscillations  of  gauges,  noticed  long  ago  by  Mr.  Josiah  Parkes 
and  others." '  "  The  intensity  of  the  instantaneous  impulses 
thus  generated  would  be,  as  Mr.  Parkes  observes,  difficult  to 
measure,  but  their  repeated  action  must  rapidly  affect  the  boiler 
at  its  mechanically  weakest  points.  The  more  or  less  sudden 
closing  of  a  safety-valve  while  the  steam  is  blowing  off  would 
evidently  produce  the  same  effect.  .  .  .  But  there  can  be  little 
doubt  that  most  boilers  are  subjected,  sooner  or  later,  to  an 
impulsive  load." 

It  is  well  understood  that  the  effects  called  "  grooving  "  are 
due  in  the  first  place  to  such  repeated  actions,  which  not  only 
deteriorate  the  molecular  constitution  of  the  metal,  but  otherwise 


FIGS.  6   AND  7. 


assist  local  oxidation  and  corrosion.  Figs.  6  and  7  illustrate  the 
forms  which  joints  tend  to  assume  under  the  influence  of  steam 
pressure  in  the  boilers,  and  Figs.  8,  9,  and  10  different  appear- 
ances of  the  effects  produced  by  grooving.  Many  explosions 
of  boilers,  especially  those  of  locomotives,  have  been  traced  to 
this  cause. 

Strains  due  Ic  Heating. — (3)  Another  source  of  repeated  strains 
in  boilers  is  found  in  the  application  of  heat  and  in  the  forces 
produced  by  expansion  and  contraction  of  the  material  of  which 
the  boiler  is  constructed.  In  an  ordinary  Scotch  or  cylindrical 
marine  boiler  with  internal  furnaces,  there  are  two  portions  of 
the    boiler   which    are    particularly   exposed    to    considerable 

'  Mill.  Proc.  Inst.  C.  E.  Vol.  iii. 
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differences  of  temperature  in  working,  in  consequence  of 
which  these  parts  have  to  endure  the  strains  produced  by 
unequal  expansion.  These  parts  are  the  furnace  tubes  and  the 
boiler  shell. 


FIGS.  8,  9  AND  10. 


In  the  case  of  a  furnace,  according  to  one  good  authority, 
*^  the  portion  above  the  fire,  especially  when  coated  with  even 
the  thin  enamel  of  scale  which  is  necessary  to  preserve  it  from 
corrosion,  must  be  considerably  hotter  than  the  portion  below 
the  bars.  Hence  the  top  of  the  furnace  tends  to  get  longer  than 
the  bottom.     If  the  end  fastenings  of  the  furnace  were  so  rigid 
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as  to  maintain  the  top  and  bottom  of  the  same  length,  the  top 
would  have  to  be  compressed  and  the  bottom  stretched,  and 
every  difference  of  a  degree  Fahrenheit  in  the  temperature 
would  produce  a  compressive  stress  in  the  top  and  a  tensile 
stress  in  the  bottom  of  93  lbs.  per  square  inch.  But,  actually, 
the  end  fastenings  are  not  so  rigid,  and  the  strains  caused  by  the 
unequal  expansion  are  not  distributed  from  top  to  bottom  by 
the  ends  only,  but  also  in  a  great  measure  by  the  resistance  to 
shear  of  the  plate,  and  hence  the  greatest  stresses  come  at  the 
middle  of  the  length  of  the  furnace.  Also  it  is  evident  that  these 
strains  are  not  uniformly  distributed,  and  hence  their  maximum 
must  be  greater  than  their  mean,  and  with  a  great  difference  of 
temperature  the  stresses  reach  a  high  figure.  Now,  by  putting 
rings  in  the  furnaces,  the  whole  strain  on  the  plate  has  to  be 
borne  by  the  reduced  sectional  area  through  the  rivet  holes,  or 
at  the  parts  which  are  weakened  by  flanging  when  Adamson's 
ring  is  used,  and  in  these  instances  the  rings  have  made  the 
furnaces  actually  weaker  than  they  were  before,  although  their 
object  is  to  strengthen  them.  .  In  one  steamship  a  number  of 
the  furnaces,  fitted  with  Adamson's  joints,  actually  tore  through 
the  bottom  of  the  flanging  the  first  time  steam  was  raised.  The 
only  way  to  strengthen  furnaces  from  such  strains  is  either  to 
prevent  the  difference  of  temperature,  or  else  to  allow  the  crown 
freedom  to  expand." 

To  prevent  the  differences  of  temperature,  although  it  is  un- 
doubtedly the  rational  way,  would,  however,  involve  either  a 
new  construction  of  boiler  or  a  different  method  of  firing,  and, 
consequently,  whilst  it  has  not  hitherto  been  often  attempted, 
many  efforts  have  been  made  to  provide  for  expansion  of  the 
furnace  tubes.  The  difficulty  here  has  been  that  these  tubes  are 
subject  at  the  same  time  to  the  steam  pressure,  tending  to 
collapse  them,  and  consequently  elasticity  longitudinally  could 
not  be  obtained  at  the  cost  of  strength  or  stiffness  circumferen- 
tially  or  radially.  Nevertheless,  the  corrugated  furnaces  of 
Holmes,  Fox,  Farnley,  Purvis,  and  Morison  (which  have  suc- 
cessively arisen  since  the  Bowling  and  Adamson  joints),  permit 
a  considerable  amount  of  expansion  to  take  place  without  bring- 
ing any  great  stress  on  the  furnace,  but  the  almost  incessant 
repetition  of  these  temperature  strains  under  ordinary  conditions 
of  stoking  has  caused  even  some  of  these  furnaces  in  time  to 
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crack.  These  incessant  variations  of  temperature  depend  on  the 
conditions  of  the  fires,  the  opening  and  shutting  of  the  doors,  and 
the  cleaning  of  the  grates.  "  Those  variations  of  temperature,^' 
to  quote  Mr.  D.  P.  Morison,*  "  result  in  expansion  and  con- 
traction, producing  definite  mechanical  movements,  and  if  the 
design  of  the  furnace  is  such  that  it  cannot  readily  adapt  itself 
to  these  movements — and  no  plain  furnace  can — either  the 
material  becomes  distressed,  or  such  strains  are  produced  on 
the  boiler  that  leakage  results.  It  is  because  of  this  that 
excessive  corrosion  is  often  found  at  the  grate-bar  level  of  plain 
furnaces." 

In  the  case  of  the  boiler  shell,  there  is  not  the  same  frequency 
of  repetition  of  strains,  but  there  is  no  question  about  the  magni- 
tude of  the  stress  produced  on  the  plates  and  joints.*  In  con- 
sequence of  the  position  occupied  by  the  furnaces  in  the 
cylindrical  boiler,  the  water  under  the  level  of  the  fire  bars 
cannot  be  heated  by  ordinary  convection  currents  during  the 
process  of  getting  up  steam,  and  unless  some  special  means  are 
employed  to  lift  it  into  the  area  of  circulation  it  may  remain 
practically  cold  for  a  long  time.  Even  with  special  appliances 
some  hours  must  be  spent  in  gradually  raising  steam  in  order  to 
lessen  as  much  as  possible  the  difference  of  temperature  between 
the  top  and  the  bottom  of  the  shell.  The  tops  of  the  furnaces, 
stays,  and  tubes,  and  the  top  part  of  the  shell  are  soon  at  or 
above  the  temperature  of  the  steam,  whilst  below  the  furnaces 
the  shell  may  have  only  the  temperature  of  the  feed  water.  As 
in  the  case  of  the  furnaces,  the  top  portions  "  tend  to  expand 
more  than  the  bottom,  bringing  a  compressive  stress  on  the  top 
portions  of  the  boiler,  and  a  tensile  stress  on  the  bottom.  But 
as  the  sectional  area  of  the  upper  portion  exceeds  that  of  the 
lower,  so  do  the  tensile  stresses  exceed  in  intensity  the  com- 
pressive ohes,  and  the  stress  is  so  severe  that  it  is  almost 
universal  to  find  the  ring  seams  at  the  bottom  of  the  boilers  to 
be  so  strained  as  to  be  leaky,  whilst  the  longitudinal  seams  are 
for  the  most  part  tight."  "  In  several  boilers  (mostly  double- 
ended  ones)  these  stresses  have  been  so  severe  as  to  actually 
fractiu-e  the  plate  between  the  rivet  holes  in  the  ring  seams." 

*  "  On  Marine  Boiler  Furnaces,"  Trans.  N.E.  Coast  Inst,  of  Engineers  and 
Shipbuilders.    January,  1893. 

*  See  "  On  the  Design  and  Use  of  Boilers,"  Engineering,  Vol.  xxvi.,  p.  284. 
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Force  exerted  by  Expansion  by  Heat. — It  is  a  matter  of  some 
importance  to  have   the  possible   extent  of  such  forces  clearly 
defined.     This  has  been   done  by  comparing  the  direct  effects 
of   heat   with  the  results  produced  by  dynamic  or  mechanical 
means,    as    ascertained   by   those    who  have    investigated  the 
elasticity     of    metals.       In    Mr.    D.    Kirkaldy's "  Experimental 
Enquiry  into   the  Tensile   Strength   and   Other    Properties  of 
Wrought  Iron  and  Steel "  (Glasgow,  1863),  there  is  the  follow- 
ing :  **  Professor  Barlow  states  that  the  mean  extension  per  ton 
per  square  inch  in  seven  experiments  on  iron  bars  varied  from 
0001082  to    0000841,  the   gross   mean  being    0000956.     The 
strain,  which  was  just   sufficient  to   balance   the   elasticity  of 
the  bar,  was  found  to  vary  from  11  to  8 J  tons.     He  remarks  *  We 
may  consider,  therefore,  that  the  elastic  power  of  good  medium 
iron  is  equal  to  about  ten  tons  per  inch,  and  that  this  force 
varies   from    ten  to  eight  tons  in  indifferent  and  bad  iron.     It 
appears   also    (considering   -000095    **s   representing  in   round 
numbers  Toi(y?r)  that  a  bar  of  iron  is  extended  one  ten-thousandth 
part  of  its  length  by  every  ton  of  direct  strain  per  square  inch 
of  section,  and  consequently  that  its  elasticity  will  be  fully  ex- 
cited when  stretched  to  the   amount   of   one  thousandth  part 
of  its  length.'  " 

The  experiments  by  W.  H.  Barlow^  were  made  the  basis  of 
a  comparison  between  the  effects  of  heat  and  those  of  mechanical 
stress  by  Prof.  W.  Allen  Miller,*  who  found  that  by  raising  the 
temperature  ot  a  bar  of  wrought  iron  of  a  square  inch  (or  25*4 
mm.)  in  section  nine  degrees  Centigrade,  or  i6*8  degrees 
Fahrenheit,  the  same  elongation,  viz.,  10  J^^j  of  its  length,  was 
produced  as  was  due  to  its  being  stretched  when  cold  by  a  ton 
weight.  A  range  of  temperature  of  only  45°  C.  (or  81°  F.)  will 
cause  a  similar  wrought  iron  bar,  ten  inches  (0*254  n^etre)  long, 
to  vary  in  length  five  one-thousandths  of  an  inch  (or  0*127  irim.), 
and  if  under  these  circumstances  the  two  extremities  of  the  bar 
were  securely  fixed,  so  that  elongation  could  not  take  place,  that 
increase  of  temperature  would  produce  a  stress  equal  to  about 
five  tons  per  square  inch. 

Calculating  upon  Joule's  data,  Prof.  Allen  Miller  remarked  that 
it  may  be  estimated  that  the  force  exerted  by  heat  in  producing 

»  Phil.  Trans.     1855.  *  "  Chemical  Physics."     4th  edition,  p.  261. 
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the  expansion  of  one  pound  of  iron  between  0°  and  100°  C.  (32° 
and  212°  F.),  during  which  it  would  increase  about  ^ijf  of  its 
bulk,  would  be  adequate  to  lift  a  weight  of  seven  tons  to  the 
height  of  one  foot,  or,  in  other  words,  w^ould  be  represented  by 
seven  foot-tons. 

Ordinary  wrought-iron  plates,  it  has  been  said,  when  left  free 
from  stress,  expand  about  0000064  of  their  linear  dimensions  for 
each  degree  F.  increase  of  temperature,  and  assuming  this  to  be 
iron  of  ordinary  ductility,  of  which  the  modulus  of  elasticity, 
according  to  Prof.  Rankine  *  is  taken  at  29,000,000,  a  stress  of 
186  lbs.  per  square  inch  would  produce  the  same  elongation  as 
one  degree  F.  So  that  where  a  plate  that  is  not  free  to  move 
is  subjected  to  elevation  of  temperature,  each  degree  Fahren- 
heit increase  of  temperature  subjects  it  to  a  compressive  stress 
of  186  lbs,  per  square  inch,  and  each  degree  of  reduction  of 
temperature  to  a  tensile  stress  of  a  like  amount.  It  may  readily 
be  understood,  therefore,  that  serious  results  niay  be  produced 
in  boilers,  portions  of  which  are  subjected  to  repeated  strains  of 
that  nature  by  fluctuations  of  temperature. 

Prof.  Thurston  (in  "  A  Manual  of  Steam  Boilers ")  gives  the 
following  formulae  for  calculating  the  stress  produced  by  change 
of  temperature.  He  takes  as  the  modulus  of  elasticity  for  good 
wrought  iron  or  steel  £=28,000,000  pounds  per  square  inch,  or 
2,000,000  kilogrammes  per  square  centimetre,  and  as  the  co- 
efficient of  expansion  \=oooooo68  for  Fahrenheit  degrees,  or 
00000 1 20  for  Centigrade  degrees. 

Then  E=the  modulus  of  elasticity, 

X=the  change  of  length  per  degree  per  unit  of  length, 
A^=the  difference  of  initial  and  final  temperature, 
/)=the  stress  produced  : — 

p  :E  :  :Xa/°:i 
.-.    p=\EAf 
and  with  above  values  for  E  and  \ 

p=igoAf^  F.  nearly 

For  cast-iron  taking  E= 16,000,000,  and  X=oooooo62 
/>=iooA/°  F.  nearly 

=  I2A/**C.  „ 

*  "  A  Manual  of  Applied  Mechanics."     Second  edition,  p.  631. 
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Further  evidence  of  the 
destructive  effects  o£  un- 
equal heating  in  boilers 
is  afforded  by  experiments 
made  on  this  subject  by 
Mr.  A.  F.  Yarrow  and  by 
Dr.  A.  C.  Kuk.  The  in- 
troduction  of  the  higher 
temperatures  of  combus- 
tion which  are  due  to  the 
employment  of  mechani- 
cally produced  draught, 
with  an  increased  pres- 
sure of  air  in  the  stoke- 
hold or  in  the  furnace, 
over  that  which  could 
be  obtained  by  chimney 
draught,  very  soon  was 
followed  by  serious  leak- 
ing in  parts  of  the  boilers, 
principally  at  the  tube 
ends  or  joints  in  the  tube 
plates. 

Mr.  Yarrow,*  finding 
that  some  boilers  of  the 
locomotive  or  "  Admi- 
ralty "  pattern  in  torpedo 
boats  gave  trouble  from 
tubes  leaking  on  trial, 
carried  out  some  interest- 
ing investigations.  The 
design  of  boilers  is  shown 
in  Figs.  II  and  12.  "To 
ascertain     exactly     what 

^  "  Boiler  Construction,  Suit- 
able for  Withstanding  the 
Strains  of  Forced  Draught  so 
far  as  it  Affects  the  Leakage 
of  Boiler  Tubes,"  by  A.  F. 
Yarrow.  Trans.  Inst.  N.A. 
1 891.     Vol.  xxxii.,  p.  98. 
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was  going  on  in  the  region  of  the  tube  plate,"  says  Mr.  Yarrow, 
"  we  removed  the  row  of  stays  nearest  to  the  tube  plate 
flange  on  the  sides  and  top  of  the  fire-box.  We  replaced  these 
stays  by  others  working  in  stuffing  boxes 
and  having  a  nut  on  the  outside,  so  that 
if  a  tensile  strain  had  to  be  met  they 
were  there  to  receive  it,  while  if  the 
inside  box  wanted  to  expand  it  had 
freedom  to  do  so.  See  Fig.  13.  This 
experiment  was  most  instructive.  Every 
time  the  fire  was  urged  these  stays 
would  all  move  outward  through  their 
stuffing  boxes,  owing  to  the  expansion 
of  the  fire-box.  In  some  cases  the  move- 
ment was  sufficient  to  enable  a  penny 
piece  to  be  inserted  between  the  nut 
on  the  stay  and  the  gland.  Each  time 
the  fire-door  was  opened  and  the  tem- 
perature reduced,  these  stays  would  move  inward,  and 
when  the  boiler  was  cool  the  nuts  pressed  hard  on  the 
glands.      From    the   moment    the   new   stays  were   fitted   the 

boiler  was   altogether  free   from  leaky   tubes It  is,  of 

course,   dangerous    to    draw   a   conclusion   from   one   isolated 
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FIG.   14. 


experiment.  At  the  same  time  it  seems  more  than  probable 
that  these  stays,  as  originally  fitted,  had  much  to  do  with 
the  leaking  of  the  tubes,  because  it  is  evident  that  a  tensile 
strain  coming 'on  a  tube-plate  weakened  by  being  perforated 
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with  a  number  of  holes  is  likely  to  distort  the  plates.  As  a 
matter  of  fact,  prior  to  the  new  stays  being  fitted,  this  tube 
plate  was  more  or  less  altered  in  shape  after  every  trial. 
Fig.  14  shows  exactly  the  change  that  took  place  on  the 
first  trial  alone.  It  will  be  seen  that  between  the  points  indi- 
cated on  the  diagram  there  was  in  one  case  an  extension  of  ^  in., 
and  in  the  other  an  extension  of  f  in.  I  think  we  may  assume 
that  tube  plates  should  be  free  from  external  strains,  and  as  far 
as  possible  be  allowed  freedom  to  move  as  the  changes  of 
temperature  require." 


FIG.  15. 


To  observe  the  curvature  of  the  tubes  under  unequal  heating, 
during  the  process  of  raising  steam  and  afterwards,  Mr.  Yarrow 
arranged  the  apparatus  shown  diagrammatically  in  Fig  15. 
Through  three  of  the  tubes  which  were  at  different  levels 
were  fitted  bars,  fixed  centrally  in  the  tube  at  the  end  next 
the  fire  and  also  in  the  middle  of  the  tube.  "The  object  of 
this  experiment  was  to  ascertain  if  the  tubes  remained  straight, 
and,  if  not,  to  register  the  extent  of  the  bending,  which  could  be 
made  apparent  by  the  alteration  in  the  position  of  the  extreme 
ends  of  the  rods.  Almost  immediately  after  lighting  up  it  was 
found  that  the  top  row  of  the  tubes  was  evidently  heated  in 
advance  of  the  rest.  The  hotter  water,  as  might  have  been 
expected,  was  near  the  surface,  the  cold  water  at  the  bottom 
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remained  undisturbed,  and  the  top  of  the  boiler  was  also  cold, 
owing  to  there  being  no  steam  to  heat  it.  The  water  near  the 
surface  being  raised  in  temperature,  those  tubes  which  passed 
through  it  strove  to  increase  in  length,  but  owing  to  the  tube 
plates  being  fixed  they  were  unable  to  do  so,  and  consequently 
there  was  a  considerable  bending  of  the  tubes.  This  was  made 
evident  by  the  movement  of  the  end  of  the  rod.  After  the  fire 
had  been  alight  about  ten  minutes  the  second  bar  began  to 
move  as  the  w^ater  at  the  lower  level  rose  in  temperature.  In 
like  manner,  after  a  further  interval,  the  third  bar  moved,  and 
the  bars  all  continued  to  move  until  such  time  as  steam  began  to 
rise.  As  soon  as  10  or  15  lbs.  were  registered  the  pressure  on  the 
tube  plates  began  apparently  to  make  itself  felt,  and  forced  them 
apart,  throwing  a  tension  on  the  tubes  which  straightened  them. 
From  thence  up  to  160  lbs.  the  tubes  showed  practically  no 
curvature.  This  experiment  proves  how  necessary  it  is  to 
provide  ample  elasticity  in  the  tubes,  so  as  to  conform  to  the 
conditions  which  have  to  be  complied  with  in  raising  steam." 

As  evidence  of  the  strains  caused  by  unequal  expansion  in  the 
boiler  shell  when  lighting  up  and  raising  steam,  Mr.  Yarrow 
published  the  following  Table  and  illustrations  : — 


Table 

III. 

EXPANSION  OF  COPPER  TUBES  &  OUTSIDE  SHELL  WHEN  RAISING  STEAM. 

Lit  up  at  laao  a.m.,  4  inxhes  over  Firebox. 

Time      

1030 

1040 

1050 

II.O 

I  no 
lbs. 

11.20 
lbs. 

11.30       11.40 
lbs.   '     lbs. 

11.50 
lbs. 

Steam 

0 

0 

0 

0 

0-5   •  20-40 

(10-So    100120 

140-160 

ELONGATION  OF  BARREL  IN  M/M.  LENGTH  MEASURED  3  FT.  44-IX.=  i.028  M/M. 

Boiler  Shell  at  Water  Le%cL.. 

■2 

1 

•6     ,     8 

9 

14        20 

25         27 

28 

Top        

0 

° 

0 

•4 

1-6   1    20 

25         25 

2K 

Bottom 

•2 

•3 

■4 

•8 

1-6    1     16        25   1      25 

1            1            1 

25 

ELONGATION  OF  TUBES  IN  M/M.   LENGTH  OF  TUBE  3-FT.  io-iN.= 1,168  M/M. 

Top  Tube         I'S    1     i"f'        i'6        1-6        25    1     27        29 

38 

40 

Bottom  Tube |      7   '      y        15   1     14 

20 

2 '5 

29 

3-6 

.vo 

This  Table  shows  the  longitudinal  expansion  of   the  boiler 
barrel  at  different  parts,  and  at  varying  periods  during  steam 
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raising,  and  Fig.  i6  illustrates  by  diagram  the  changes  in  length 
of  another  example.  The  movement  of  the  inside  fire-box  of 
the  boiler  dealt  with  in  the  above  Table  is  shown  by  Fig.  17. 
These  examples  proclaim  that  the  distortion  of  form  in  some 
parts  is  greater  during  the  process  of  steam  raising  than  when 
steam  has  been  raised.  "  In  cooling  down  the  strains  are 
not  so  great  and  are  quite  different  in  character  from  those 
met  with  in  lighting  up.  One  main  principle  must  be  borne  in 
mind,   that  any  changes  of  temperature  should  take  place  as 
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FIG.  16. 

slowly  as  possible.     The  sudden  putting  out  of  the  fire  is  there- 
fore bad  and  may  cause  tubes  to  leak." 

"  Assuming  that  a  tube  is  well  expanded,  it  will  remain  tight 
in  the  plate  so  long  as  nothing  takes  place — such  as  a  sudden 
reduction  of  temperature — to  cause  the  tube  to  be  reduced  to  a 
greater  extent  than  the  collective  elasticity  of  the  tube  plate  and 
the  tube.  Now,  when  steaming  hard,  if  the  fire-door  be  opened 
and  a  blast  of  cold  air  admitted,  the  tubes  through  which  it 
passes,  being  thin,  will  feel  the  effect  and  contract  before  the 
thick  tube  plate.  The  tubes  will  remain  tight  only  so  long  as 
the  chiUing  does  not  tend  to  reduce  the  diameter  of  the  tube 
beyond   the    collective    elasticity   of   the   tube  and   the   plate. 
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Should  this  elasticitynot  be 
sufficient  to  make  up  for  the 
change  of  form,  the  tube 
will  leak.  If  the  tube  plate 
be  thin,  so  that  the  rate  of 
contraction  approaches  that 
of  the  tube,  difficulty  from 
this  cause  will  be  reduced. 
Anything  that  can  be  done 
to    increase    the    range    of 
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FIG.  19. 


elasticity  of  the  tube  and  the 
tube  plate,  allowing  thereby 
larger  differences  of  tempera- 
ture, is  clearly  desirable." 

In  order  to  test  the  effects 
of  heating  on  tube  and  tube 
plates  of  different  thicknesses, 
Mr.  Yarrow  had  portions  of 
plates  fitted  with  tubes,  as 
shown    in    Figs.  18   and    19, 


34 


THE  PRACTICAL  PHYSICS  OF 


surrounded  with  thin  sheet  steel  so  as  to  form  a  receptacle  for 
water,  and  heated  over  a  smith's  fire.  Where  the  tube  plate  dif- 
fered considerably  in  thickness  from  the  tube,  the  thinner  metal 
was  necessarily  heated  more  quickly,  and  its  expansion  due  to  the 
temperature  bein^^  prevented  by  the  cooler  plate,  it  w^as  gradually 
crushed  and  deformed,  so  that  leakage  soon  commenced. 
With  a  more  uniform  thickness  in  both  such  a  result  was 
prevented. 

Mr.  A.  C.  Kirk*  carried  out  a  short  series  of  experiments  by 
means  of  similar  apparatus,  shown  in  Fig.  20,  w'ith  the  addition 
of  fusible  plugs,  one  of  tin,  one  of  lead,  and  one  of  antimony, 
which  were  inserted  half  into  the  tube  and  half  into  the  tube 
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plate.  The  experiments  were  commenced  with  the  tube 
plate  2J  in.  thick,  with  a  steel  tube  of  2i  in.  diameter  in- 
serted in  it  and  expanded  in  the  usual  way,  the  tube  plate 
being,  after  each  experiment,  reduced  in  thickness  by  having 
a  portion  turned  off  its  low^er  surface.  Experiments,  con- 
tinuing each  for  half  an  hour  or  three-quarters  of  an  hour, 
were  made  with  the  tube  plate  thickness  successively  2|  in., 
i2  in.,  i\  in.,  i'2  in.,  a  mean  of  ^J  ir^-  ('.^•,  not  truly  turned, 
having  been  left  J  in.  thick  at  one  side  and  }  g  in.  at  the  other), 
J  in.,  and  finally  ^  in.  The  temperature  to  which  the  tube  plate 
was  raised  at  the  fire  surface  was  supposed  to  be  indicated  by 
the  melting  point  of  the  metal  plug  or  plugs  which  were  found  to 
have  been  fused  in  each  experiment.     This  method,   however, 


•  Eftginecnng,  Vol.  liv.,  pp.  78,  333. 
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could  give  only  an  approximation  to  the  real  temperature,  as 
several  causes  of  error  are  possible  in  such  circumstances,  the 
surface  of  the  plugs  at  one  point  being  no  doubt  exposed  to  the 
direct  heat  of  the  fire,  and  therefore  not  necessarily  registering 
the  temperature  of  the  iron  plate  or  tube.  Accordingly  Mr. 
Kirk  graphically  represented  his  results  in  the  following  way, 
Fig.  21,  drawing  the  curve  as  a  mean  between  the  highest  and 
lowest  possible  temperatures  as  represented  by  the  melting 
plugs. 

The  base  line  represents  the  temperature  of  the  water  when 
boiling,  and  the  thicknesses  of  plates  at  each  experiment  are  set 
off  as  abscissie  on  the  base  line,  the  ordinates  from  these  points 
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representing  the  temperatures  of  the  plate  at  the  tube  end,  to 
the  scale  which  is  given.  The  results  of  these  tests  simply  con- 
firmed Mr.  Yarrow^s  conclusions  as  to  the  effects  of  great 
diversity  between  the  thicknesses  of  tube  and  plate. 

Mr.  Yarrow  also  found  that  in  addition  to  liability  to  deforma- 
tion of  tube  ends  by  inequality  of  heating,  there  was  also  a 
tendency  in  the  thick  tube  plate  to  assume  a  curved  form,  and  in 
the  holes  through  which  the  tubes  passed  to  alter  in  form. 
Experiments  were  carried  out  with  indicating  apparatus,  and 
Fig.  22  shows  a  horizontal  section  through  the  tube  plate  of  a 
first-class  torpedo-boat  boiler,  with  a  dotted  line  representing 
the  curvature  corresponding  to  the  results  indicated  in  the 
experiments  where  the  plate  was  free  to  move.  But  as  the  plate 
is  not  free  to  move  in  a  boiler,    Mr.  Yarrow^  reco<::jnised   that 
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molecular  strains  are  set  up  by  the  repeated  variations  of  tem- 
perature between  its  two  surfaces  which  must  permanently 
damage  the  plate.  '*  When  we  consider,"  he  says,  "  that  every 
time  the  fire  door  is  opened  and  closed,  the  plate  w^ants  to 
change  its  form  and  cannot  do  so,  and  w^hen  we  bear  in  mind 
that  the  fire  ddor  in  a  large  forced  draught  boiler  is  frequently 
opened  and  shut,  say  once  in  every  minute,  which  in  twenty-four 
hours  corresponds  to  1,440  times,  it  is  easy  to  understand  that 
the  varying  expansions  and  contractions  set  up  severe  molecular 
strains,  and  that  the  tube  plate  is  undergoing  very  harsh 
treatment." 

Evidence  bearing  on  this  subject  has  been  furnished  in  the 
experiments  recorded  by  Mr.  A.  J.  (now  Sir  John)  Durston.'  In 
order  to  ascertain  the  conditions  to  which  the  metal  of  boilers 
might  be  exposed  during  work,  the  following  methods  were 
adopted  : — 

I.  To  ascertain  the  temperature  of  the  hot  side  of  a  plate 
through  which  heat  is  passing  to  boiling  water,  a  circular  flanged 
dish,  10  in.  in  diameter  outside,  3  in.  deep,  and  made  of  J-in. 
plate,  had  attached  to  its  bottom  on  the  fire  side  eight  fusible 
plugs  or  buttons  of  different  compositions,  having  melting  points 
ranging  between  220°  F.  and  250°  F.  This  dish  was  half  filled 
with  w'ater,  and  was  exposed  to  the  heat  of  a  Bunsen  gas  flame, 
having  a  temperature  of  about  1500°  F.,  over  which  it  was 
allowed  to  remain  until  the  water  had  been  for  some  time  boiling 
briskly.  On  examination  it  was  then  found  that  the  alloys, 
whose  melting  points  extended  to  240°  F.,  had  melted,  but  that 
one  which  would  fuse  at  243°  F.  was  only  shghtly  softened,  and 
this  was  held  to  show  that  the  temperature  of  the  plate  at  the 
fire  side  was  about  240°  F.  A  layer  of  grease  was 

spread  to  a  thickness  of  about  3^^  of  an  inch  over  the  inside 
surface  of  the  bottom,  and  the  heating  repeated  as  before.  The 
temperature  of  the  outer  surface  of  the  plate  was,  under  these 
circumstances,  shown  by  the  fusible  alloys  to  have  been  about 
330°  F.,  or  90°  F.  higher  than  before,  this  increase  of  temperature 
being  due  to  the  non-conducting  layer  of  grease. 

5.  With  a  similar  vessel  24  in.  in  diameter,  2^  in.  deep,  and 
of  plate  ]  in.  thick,  placed  over  a  forge  or  smithy  fire  and  with 

1  Trans.  Inst.  N.A.  (1893)  Vol.  xxxiv.,  p.  130. 
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a  constant  supply  of  water  maintained  during  ebullition,  the 
temperature  with  moderate  blast  was,  as  before,  240°  F.,  but  it 
increased  to  280°  F.  with  a  stronger  blast  urging  the  fire. 
This  experiment  was  repeated  with  varied  conditions  on  the 
water  side  as  follows  : — 

Table  IV. 


With  clean  fresh  water  as  above , 

„      5  per  cent.  American  distilled  oil  (paraffin 
scale  extracted)  added   • 

„     fresh  water  with  2  J  per  cent,  of  paraffin   . 

„          „            „      methylated 
spinit 

„     grease  ^^jth  of  an  inch  spread  on  plate 


Temperature 

of  Hot  side  of 

Rate. 


280°  F. 

310''  F. 
330°F. 

300°  F. 
Above 
550^  F. 


Temperature 

of 

Fire. 


2200"'  F. 

2300°  F. 
2100°  F. 

2500^^  F. 
2500°  F. 


2.  A  small  experimental  apparatus  was  constructed  to  ascer- 
tain the  temperature,  at  the  centre  of  its  thickness,  of  a  plate 
resembling  a  boiler  tube  plate  exposed  to  a  forced  blast  fire.  A 
flanged  |-in.  plate  was  fitted  with  short  lengths  of  steel  boiler 
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FIG.  23. 


tube,  as  shown  in  Fig.  23,  the  centre  tube  being  larger  in  order 
to  facilitate  the  drilling  of  some  holes  ^%  in.  diameter  radially  in 
the  centre  of  the  thickness  of  the  plate.  In  these  holes  were 
placed  square  pieces  of  fusible  alloys  and  the  tubes  were  fixed 
in  position  by  roller  tube  expanders  as  usual.     Water  was  then 
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put  in  nearly  to  the  depth  of  the  flange  and  the  apparatus  was 
heated  by  a  forge  fire,  the  blast  being  used  and  the  temperature 
of  the  fire  being  estimated  at  about  2000°  F.  The  experiment 
was  continued  for  about  half  an  hour,  fresh  water  being  supplied 


to  replace  the  quantity  evaporated.  It  was  found  that  the 
alloys  whose  fusing  points  ran  up  to  290°  F.  had  melted,  but  the 
next  in  order,  which  had  a  melting  point  of  336°  F.,  was  still 
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solid.     The  temperature  of  the  plate  at  the  centre  was  therefore 
taken  to  have  been  at  between  290°  F.  and  336°  F. 

9.  Further  experiments  on  the  temperature  of  the  tube  plate 
were  made  in  an  experimental  boiler  shown  in  Figs.  24,  25  and  26. 
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In  the  holes  of  five  of  the  tubes,  numbered  lo,  14,  28,  45  and 
59,  as  in  Fig.  25,  four  pieces  of  fusible  alloys,  |  in.  long,  were 
inserted  radially  in  the  centre  of  the  section  of  the  tube  plate,  as 
shown  to  an  enlarged  scale  in  Fig.  27. 
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FIG.  27. 


For  the  first  experiment,  which  was  continued  for  two  hours 
the  boiler  had  a  closed  ashpit  with  forced  draught  delivered  into 
it,  and  the  following  were  the  conditions  of  the  experiment : — 

Table  V. 


Mean. 

Maximum. 

Steam  pressure           

143 

150 

Air  pressure  in  closed  ashpit           

•3' 

•5' 

Temperature    of  combustion   chamber  by  Le 
Chatelier  pyrometer      

2850''  F. 

3100°  F. 

Temperature  in  tubes  (middle  of  length) 

1550"  F. 

1800°  F. 

Temperature  in  smoke  box 

1400°  F. 

1600°  F. 

Coal  used  per  hour 

188  lbs. 

„             „      square  foot  of  grate         

30  lbs. 

Water  evaporated  per  hour 

1039  lbs. 

per  square  foot   of 
tube  and  tube  plate  surface         

4-62  lbs. 

Maximum  temperature  of  steam     

366"  F. 
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The  condition  of  the  fusible  alloys  at  the  end  of  the  experi- 
ment is  shown  in  the  following  Table,  from  which  Mr.  Durston 
concluded  that  the  temperature  of  the  plate  at  the  middle  of  its 
thickness  did  not  rise  to  540°  F.  but  at  some  of  the  tube  joints 
it  rose  to  S30°F.: — 

Table  VI. 


No.  of 
lube. 


59 


45 


28 


MeltinM  P«>>nl 
of  Alloy,  Kahr. 


435 
450 
460 
470 
480 
490 
500 
540 
510 
520 
530 
540 
550 
617 
680 

ns 
550 
617 
680 
11}^ 


Conclition  after  Experiment. 


Fused  completely. 


Not  fused. 


i»         >» 


»»  n 


Fused  at  end  next  tube. 

fi  II  »i 

Not  fused. 


n  >i 


10.  For  some  subsequent  experiments  the  boiler  was  enclosed 
in  an  air-tight  stokehold  and  the  draught  was  supplied  by  a  more 
powerful  engine  and  fan  in  order  to  obtain  a  higher  rate  of 
combustion.  In  addition  to  the  fusible  alloys  in  the  middle  of 
the  section  of  the  plate,  four  pieces,  each  ^'.^  in.  in  length,  and 
^3g.  in.  in  diameter,  were  fitted  into  the  face  of  the  plate  around 
each  of  the  numbered  tubes,  as  shown  in  Fig.  28.  These 
pieces   projected   ^.^  in.    beyond   the  face   of   the    plate,   and 
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were  of  different  materials  in  four  different  trials.    The  following 
are  the  data  of  the  trials  : — 


Table  VII. 


Trials. 

ist. 

2nd. 

3rci. 

1 

4th. 

Duration  of  trial       ...     hours. 

5 

5 

5 

3f 

Pressure  of  steam     lbs. 

145 

142 

140 

144 

Air  pressure  in  stokehold    ins. 

3 

3  for  2  hrs. 
3  i  for  next  3  hrs. 

[' 

2-9 

Total  coal  used  during  trial  lbs. 

2800 

3188 

2632 

not  accurately 
taken 

Total  water  evaporated  ...  lbs. 

14125 

14775 

13148 

10276 

Coal  per  sq.  ft.  of  grate  per 
hour lbs. 

90 

102 

842 

Water  evaporated  per  sq. 
ft.  tube  and  tube  plate 
surface  per  hour       ...  lbs. 

12*64 

1322 

1176 

11-99 

Temperature   in    combus- 
tion chamber     F. 

2750 

2500 

3100 

3200 

Amount    of     mineral    oil 
used    lbs. 

9 

5 

Oil  used  in  percentage  of 
fuel     

•07 

•05 
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On  the  first  trial,  with  clean  feed  water,  i6  of  the  pellets  on 
the  face  of  the  plate  were  made  with  melting  points  from  490° 
to  690°  F.  and  the  remaining  four  were  of  antimony  (melting 
point  1060°  F.)  All  were  melted  except  the  four  antimony. 
On  the  second  trial,  also  w^ith  clean  feed  water,  the  pellets 
placed  in  the  face  of  the  plate  around  each  of  the  five  tubes 
were  one  of  antimony  (1060°),  two  of  zinc  (750°)  and  one  of 
an  alloy  melting  at  690°,  arranged  as  in  Fig.  29.  Of 
these  the  (wa  antimony  and  three  of  the  zinc  at  tubes  14,  45 

and  59  remained  intact, 
whilst  all  the  rest  melted. 
On  the  third  trial,  with 
pellets  arranged  as  in  the 
preceding  trial,  9  lbs.  of  oil 
were  fed  into  the  boiler 
with  the  feed  water.  The 
{\\e  antimony  and  one 
zinc  pellet  (at  tube  45) 
'  out  of  the  pellets  remained 
intact,  but  all  the  rest 
melted. 

On  the  fourth  trial,  the 

boiler    not    having    been 

cleaned  out  after  the  pre- 

of  oil   was   admitted  with 

the  tubes   gave   out  when 


r.Q 


\13$ 


o^. 


FIG.  29. 


ceding  trial,  an  additional  5  lbs. 
the  feed  water.  During  this  trial 
cleaning  fires  after  3^  hours  working.  Around  tubes  10,  14  and 
28  (the  hottest  part  of  the  plate)  all  the  zinc  and  alloys  melted ; 
the  antimony  partly  melted  in  Nos.  14  and  28,  but  remained 
intact  at  No.  10.  Around  tubes  45  and  59  the  antimony  and 
zinc  remained  intact.  This  showed  that  the  plate  was  pre- 
sumably about  the  temperature  of  1060^  F.,  at  all  events  during 
the  latter  part  of  the  trial,  when  it  is  supposed  the  tubes  gave 
out,  whereas  in  the  former  trial  they  remained  tight  up  to  and 
above  the  temperature  of  melting  zinc  (75o°F.). 

The  five  tubes  were  then  drawn,  in  order  to  examine  the 
fusible  plugs  let  into  the  plate  radially.  These  had  been 
arranged  as  in  Fig.  30. 

All  were  found  melted  except  the  zinc  at  tubes  14  and  28. 

At  tubes  14  and  28  the  temperature  at  the  face  of  plate  is  held 
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to  have  been  1060°  F,  and  at  the  middle  of  plate  between  680° 
and  750°F. 

Commenting  on  these  experiments  Mr.  Zittenberg*  (of  Nagy- 
Kanizsa,  Hungary)  made  the  following  observations  as  to  the 
stress  at  the  tube  ends  : — 

"  A  tube  mternally  heated  and  externally  cooled,  under  an 
assumed  temperature  T  on  the  fire  side,  /  on  the  water  side,  and 
expanded  diametrically  according  to  a  temperature  0,  between 
/  and  T,  is  under  compression  on  the  fire  side,  conforming 
to  the  difference  T— 0,  and  under  tension  on  the  water  side 
conforming  to  6—/.  For  every  degree  Centigrade,  steel  suffers 
a  stress  of  320  lbs.  per  square  inch  and  copper  270  lbs.  per 
square  inch.  Taking  the  difference  between  mean  and  firebox 
temperatures  proportionally  to  the  thickness  of  the  plates,  you 
would  find  according  to  the  10  experiments  33°  C.  difference 


between  mean  and  hottest  temperatures  of  tube,  compressing  it 
to  10,000  lbs.  per  square  inch.  Experiment  No.  9  showed  that 
the  fusion  pellets  indicated  the  exterior  of  the  tube  plate  to  be 
between  252^0.  and  257°  C,  while  pellets  of  268°  C.  and  273''  C. 
melting  point  fused  only  at  the  end  near  the  tube.  This  indi- 
cates an  excess  of  the  temperature  of  the  tube  over  the  mean  of 
the  plate  of  at  least  15°  C,  giving  at  least  5,000  lbs.  per  square 
inch  further  compression.  If  you  consider  that  the  tube  is  also 
highly  compressed  by  the  act  of  expanding,  the  difference 
of  temperature  between  tube  and  outer  shell  of  the  tube  plate, 
which  can  expand  only  according  to  its  mean  temperature  and 
not  according  to  the  extreme,  you  will  agree  that  the  sum  of 
these  stresses  comes  near  the  elastic  limit  and  transcends  it  when 
the  material  softens  at  higher  temperatures  and  tends  to  localise 
the  effects  which,  otherwise,  are  partly  expended  on  the  body 
of  the  tube. 

*  See  Engineerings  Vol.  Iv.,  p.  440. 
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^*  If  we  add  to  all  this  the  difference  of  expansion  and  elastic 
strength,  we  understand  why  tubes  of  copper  and  brass  do  not 
do  well  in  tube  plates  of  steel,  as  also  steel  tubes  in  the  copper 
plates  of  locomotive  boilers  where  hard  water  deposits  a  thick 
scale.  .  .  . 

"  The  same  holds  good  for  the  ingress  of  cold  air,  which  does 
very  little  harm  to  the  locomotive  tubes  in  the  Tyrol,  with  its 
extremely  soft  water,  but  produces  instantaneous  leaking  in  part 
of  Hungary,  with  its  very  hard  water." 

It  is  manifest  that  most  water-tube  boilers  are  not  subject  to 
the  strains  which  produce  distortion  of  tube  plates  of  consider- 
able extent,  and  that,  consequently,  they  are  not  so  liable  to 
suffer  from  leaking  at  the  joints.  No  doubt  a  great  stress  is 
thrown  upon  thin  tube  joints,  but  to  resist  pressure  these 
probably  have  an  ample  margin  of  safety.  Mr.  Yarrow  has 
stated  that  a  2-inch  steel  tube  expanded  by  a  roller  expander  in 
a  steel  tube  plate  has  a  holding  power  of  8  to  12  tons  against 
stress.  In  the  firebox  of  a  boiler  of  locomotive  pattern,  with 
200  lbs.  pressure  of  steam  per  square  inch  in  the  boiler,  the 
total  strain  tending  to  separate  the  two  tube  plates  is  equal  to 
124  tons,  whilst  the  total  holding  power  of  the  tubes  at  8  tons  • 
per  tube  was  found  to  be  2,300  tons,  giving  a  margin  of  safety  of 
nearly  20.  The  tubes  of  water-tube  boilers  have  the  advantage 
of  the  steam  pressure  being  within  them,  as  this  tends  to 
strengthen  their  hold  on  the  plates  or  chambers  into  which  they 
are  expanded  and  to  prevent  leaking  at  their  joints. 

It  must  not  be  supposed,  however,  that  water-tube  boilers 
are  wholly  exempt  from  oscillatory  strains,  or  that,  if  not  well 
designed  and  worked  with  regard  to  them  and  to  the  other 
actions  proceeding  during  the  use  of  such  boilers,  they  will  not 
suffer  also.  Their  larger  margin  of  strength  will,  no  doubt, 
cause  them  to  suffer  less  in  some  ways,  but  their  thinner 
material  will  sooner  cause  any  destructive  action  to  become 
apparent.  The  observations  and  remarks  on  the  action  of 
the  boilers  of  the  T.S.S.  *^  Kherson,"  published  by  Mr.  G. 
Gretchin,*  Engineering  Superintendent  of  the  Russian  Volunteer 
Fleet,  furnish  us  with  some  useful  information  on  this  point. 
A  full  description  of  the  machinery  of  this  vessel  was  published 

*  Trans.  Inst.  Engineers  and  Shipbuilders  in  Scotland.  Vol.  xli.,  page  299. 
(1898). 
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in  Engineering  of  6th  December,  iSi;6,  and  a  graphic  log  of  part 
of  her  run  from  St.  Petersburg  to  Vladivostock,  and  from 
Vladivostock  to  Odessa,  is  printed  in  the  "  Transactions  of  the 
Institution  of  Engineers  and  Shipbuilders  in  Scotland/'    (Vol,  xli.) 

There  are  in  this  vessel  24  Belleville  boilers,  placed  back  to 
back  athvvartship,  in  three  separate  groups  of  eight  boilers  each. 
The  boilers  have  each  eight  elements,  consisting  of  20  lap- 
welded  iron  tubes  of  4^  in.  outside  diameter,  the  two  lower 
tubes  of  each  element  being  %  in.  thick,  the  two  next  j*g  in. 
thick,  and  the  rest  \  in.  thick.  The  connecting  boxes  are  of 
cast  steel.  The  total  amount  of  heating  surface  is  35,350  square 
feet,  and  the  grate  surface  1,132  square  feet. 

On  the  occasion  of  the  first  mooring  trials  in  Febru^iy,  1896, 
the  middle  group  of  boilers  was  under  steam,  the  conditions  of 
working  being  identical  for  the  boilers  on  the  starboard  side  and 
those  oh  the  port  side,  except  that  it  was  found  at  the  end  of 
the  trial  that  the  ship  had  a  list  to  starboard  of  loi  degrees. 
The  boilers  on  the  starboard  side  worked  well,  but  leakage  took 
place  in'the  joints  of  the  bottom  boxes  with  the  feed  collectors 
in  all  the  port  boilers,  and  after  the  trial  it  was  found  that  nearly 
all  the  tubes  of  these  boilers  were  bent  downwards,  13  of  them 
being  out  of  line  from  i  in.  to  ij  in.  On  the  next  trial  the  list 
was  five  degrees  to  the  other  side,  and  a  similar  result  followed, 
to  a  less  degree,  in  the  tubes  of  the  starboard  boilers.  *^  This 
coincidence  of  the  list  of  the  ship  and  the  irregularity  of  working 
of  the  boilers  on  one  side  was  obser\'ed  afterwards, ''  Mr. 
Gretchin  remarks,  "  during  the  whole  round  voyage.'^  Each 
time  there  was  a  list  leakage  was  found  in  the  feed  collector 
orifices  on  the  side  opposite,  and  the  feed  pumps  on  that  side 
also  worked  irregularly.  *'  The  examination  of  the  tubes,  which 
was  made  each  time  the  boilers  were  stopped,  showed  the  bend 
of  the  tubes  to  be  downwards  on  the  opposite  side  from  that  to 
which  the  ship  was  listed,  and  what  was  of  greater  interest, 
the  tubes  on  the  other  side,  which  were  bent  before,  had  a 
tendency  to  become  straight,  and  some  of  them  even  got  bent 
upw^ards.  As  a  rule,  the  lower  tubes  of  Belleville  boilers  tend 
to  bend  upwards  if  the  boilers  are  working  in  their  normal 
condition." 

Mr.  Gretchin  had  previously  observed  this  latter  phenomenon 
in  the  boilers  of  the  French  steamer,  "  Ville  de  la  Ciotat,"  on 
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a  voyage  from  Marseilles  to  Port  Said.  He  explains  the 
correspondence  of  the  bending  of  the  tubes  and  the  list  of  the 
ship  as  follows :  **  Supposing  the  list  is  on  the  starboard  side, 
the  first,  third,  and  all  the  uneven  tubes  of  the  elements  of  the 
port  boilers  will  be  horizontal  if  the  list  is  equal  to  2^  degrees  ; 
and  the  back  ends  of  these  tubes  will  be  higher  than  the  front 
ends  when  the  list  is  greater  than  that."  This  is  illustrated  in 
Fig.  31,  showing  the  normal  position  of  the  tubes,  and  Fig.  32 
that  due  to  a  list  greater  than  2i  degrees.  "  In  this  case 
the  steam  generated  in  the  first  lowest  tube,  which  is  directly 
connected  with  the  feed  collector,  will  go,  or  have  a  ten- 
dency to  go,  to  the  feed  collector.  It  is  possible  that  under 
certain  conditions  the  power  of  motion  of  the  steam  bubbles  in 
this  direction  is  greater  than  the  force  which  produces  circulation. 


FIG.  32. 

At  the  moment  this  comes  into  action  the  water  supply 
will  be  checked,  the  tube  overheated  and  liable  to  be  bent 
downwards.  .  .  .  ••  If  this  return  motion  of  the  bubbles  takes 
place,  and  if  the  tubes  get  bent,  as  experience  proves,  it  is  quite 
possible  that  these  two  phenomena  may  occur  at  the  same 
moment.  When  the  tube  is  bending,  the  female  cone  of  the 
bottom  connecting-box  moves  on  the  male  cone  of  the  feed- 
collector,  and  the  result  is  leakage  through  the  joint.  This  sup- 
position is  proved  by  the  fact  that  the  leakage  was  always  much 
worse  in  the  boilers  which  were  working  under  conditions  un- 
favourable as  regards  circulation  of  water." 

After  a  voyage  from  Newcastle  to  St.  Petersburg,  the  tubes 
were  examined  outside  and  measured.  The  results  of  measure- 
ment of  the  two  lowest  tubes,  which  were  nearest  the  fire,  are 
given  in  the  following  Table,  in  which  the  top  row  of  figures 
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refers  to  the  different  elements  of  each  boiler,  and  the  first 
column  of  figures  denotes  the  individual  boilers  whose  tubes  are 
thus  dealt  with.  The  measurements  of  the  same  tubes  as  taken 
at  Newcastle  before  the  voyage  are  inserted  in  each  case  for 
comparison.  The  figures  without  arrows  represent  the  extent  of 
downward  bending,  and  these  with  arrows  indicate  upward 
bending. 

Table  VIII. 
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'*  It  can  be  seen  from  the  Table  that  nearly  all  the  tubes  of  the 
port  boilers  were  bent  downwards,  and  three  of  them  as  much 
as  3  in.  In  the  second  row  of  tubes,  which  was  at  a  greater 
inclination  when  the  list  was  to  the  starboard  side,  the  bends 
decreased,  and  many  of  the  tubes  returned  to  their  original 
form.  The  change  of  form  of  the  tubes  on  the  starboard  side 
was  not  so  considerable  as  on  the  port  side  ;  nevertheless  in  23 
out  of  32  tubes  the  bend  had  decreased.  Six  of  these  23 
became  quite  straight,  and  four  tubes  even  got  bent  upwards. 

"  About  three-quarters  of  the  whole  number  of  tubes  were 
out  of  their  original  straight  form  when  the  *  Kherson  *  returned 
home.  ...  In  some  cases  the  tubes  were  bent  upwards,  but 
on  every  occasion  the  bend  was  in  accordance  with  the  list 
of  the  ship  when  the  boilers  were  under  steam.  The  largest 
number  of  tubes  were  bent  about  2  i^-  in  the  middle,  the 
smaller  number  only  ^  in.,  but  a  few  as  much  as  i|  in." 

There  is  no  doubt  that  the  special  design  of  the  Belleville 
boilers — that  of  a  flattened  spiral — renders  it  specially  liable  to 
differences  of  temperature  in  the  tubes.  All  the  steam 
formed  in  each  tube  has  to  be  conveyed  by  that  tube,  which  is 
more  or  less  inclined  to  the  horizontal,  so  that  the  steam  must 
pass  along  the  upper  side  of  the  tube.  This  leaves  a  steam 
space  in  contact  with  the  top  side  of  the  tubes  of  all  boilers  con- 
structed with  nearly  horizontal  tubes,  and  as  the  under  sides  of 
the  same  tubes  are  in  contact  with  water,  there  may  be  a  con- 
siderable difference  in  temperature  between  the  two  sides.  In 
the  Belleville  boiler,  however,  this  result  is  increased  propor- 
tionately in  the  tubes  above  the  lowest  row,  because  each 
horizontal  tube  in  the  spiral  has  to  convey,  not  only  its  own 
steam,  but  also  all  that  is  formed  in  the  tubes  below  it.  In  the 
topmost  rows,  before  the  steam  chamber  or  drum  is  reached,  as 
a  consequence,  there  may  be  nothing  but  steam,  or  only  a  little 
water  broken  up  into  froth,  and  these  tubes  may  readily  attain 
a  temperature  considerably  higher  than  those  of  the  lowest  rows, 
where  there  must  be  a  considerable  quantity  of  water  present 
while  the  boiler  is  at  work.  All  these  opportunities  for 
differences  of  temperature  point  to  possible  strains  which  had 
much  better  be  avoided. 

"  Every  design,"  remarked  Mr.  Yarrow  at  the  close  of  his 
paper,"  is  more 'or  less  a  compromise,   but   the   investigation 
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which  we  have  made  points  to  the  importance  of  leaving 
nothing  undone  to  ensure  a  design  conforming  to  the  require- 
ments of  changes  of  form  due  to  changes  of  temperature.  It 
also  points  to  the  importance  of  adopting  only  the  highest 
classes  of  material,  so  as  to  ensure  ample  elasticity  to  help  in 
conforming  to  these  changes,  some  of  which  are  considerable." 
After  such  an  object-lesson,  it  is  clear  that  we  can  with  con- 
fidence formulate  certain  axiomatic  statements  of  the  require- 
ments of  boiler  design. 

1.  Strength  should  be  the  maximum  for  the  pressure,  and 
should  be  due  to  form,  not  to  thickness  of  material,  or  artificial 
strengthening  by  stays. 

2.  Weight  should  be  the  minimum  per  unit  of  powxr,  con- 
sistent with  strength.  This  is  true,  not  only  for  marine  boilers, 
because  useless  weight  means  useless  material  and  unnecessary 
strains  upon  structure  and  supports. 

3.  The  design  should  provide  for  facility  of  construction  and 
repair. 

4.  The  form  must  be  regulated  by  the  requirements  of  the 
circulation  of  the  water  and  of  the  heating  medium. 

5.  The  heating  surface  should  be  the  maximum  consistent 
with  other  requirements. 

The  first  three  of  these  really  follow  from  what  has  been 
before  us  in  this  chapter  ;  the  evidence  for  the  last  two  we 
have  still  to  consider,  although  the  "  Kherson^s  "  boilers  afford 
some  illustration  of  No.  4. 


CHAPTER  III. 
Combustion. 

Combustion  is  necessarily  the  first  action  which  takes  place  in 
the  process  of  steam  generation,  and  in  this  process  the  problem 
which  is  presented  to  us  is  a  two-fold  one,  viz.  :  First,  how  to 
obtain  the  maximum  amount  of  heat  from  the  fuel  which  is 
employed,  and  second,  how  to  transmit  the  maximum  amount  of 
that  heat  to  the  water.  The  first  portion  of  this  problem  is  what 
concerns  us  here,  and  the  first  step  in  it  is  to  ascertain  what  is 
the  maximum  amount  of  heat  derivable  from  the  fuel.  The 
main  facts  of  the  chemistry  of  combustion  have  been  repeatedly 
set  forth  in  text  books,  and  to-day  may  be  said  to  form  a  portion 
of  the  alphabet  of  engineering  knowledge.  Yet  we  find  in  this, 
as  in  other  departments  of  our  subject,  that  there  is  abundant  room 
for  further  research  and  improvement,  or  advance  in  knowledge. 

Calorific  Value  of  Fuel, — The  ultimate  constitution  of  fuels,  or 
the  proportions  of  the  various  elementary  bodies  into  which 
they  are  resolved  by  the  processes  which  are  employed  therein, 
can  be  learned  from  ordinary  chemical  analysis.  In  statements 
of  analysis  of  coal,  we  have  usually  given  to  us  the  percentage 
proportions  of  carbon  and  hydrogen  into  which  the  coal  has  been 
resolved  by  the  action  of  heat,  and  these  are  used  in  calculations 
of  the  calorific  power  of  the  fuel  as  represented  by  the  units  of 
heat  yielded  by  the  combination  of  these  elements  with  oxygen. 

But  the  sum  of  the  substances  into  which  coal  or  other  fuel 
can  be  resolved  by  the  heat  or  other  actions  employed  in  a 
chemical  analysis,  tells  us  very  little  about  the  proximate  com- 
position of  the  fuel  analysed.  And,  speaking  generally,  the 
temperature  to  which  the  small  sample  of  say,  coal,  is  subjected 
during  the  course  of  an  analysis  may  produce  effects  which 
are  somewhat  divergent  from  those  which  are  produced  when 
the  same  coal  is  subjected  to  very  different  conditions  in  actual 
use.  Coal  does  not  consist  of  carbon  merely  mixed  with 
hydrogen,  but  is  composed  for  the  most  part  of  sohd  hydro- 
carbons, the  formation  of  which  from  woody  fibre  by  successive 
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dehydrations  is  well  understood  by  chemists,  who  have  termed 
this  process  **  cumulative  resolution."  '  Very  little  has,  hoAvever, 
been  clone  towards  separating  these  various  hydrocarbons  in 
tlieir  natural  state  from  coal,  and  showing  in  what  manner  they 
are  grouped  or  held  together  in  that  substance.  A  very  excellent 
commencement  of  such  investigations  is,  however,  described  in 
*'  A  Contribution  to  the  Chemistry  of  Coal,  etc.,"  by  W.  Carrick 
Anderson,  M.A.,  B.Sc,  Assistant  to  the  Professor  of  Chemistry, 
Glasgow  University.  (See  Proc.  of  the  Philosophical  Society  of 
Glasgow,  Vol.  xxix.,  pp.  72-96.)  From  this  research,  it  seems 
to  be  probable  that  the  different  varieties  in  the  quality  and 
composition  of  coal  (such  as  anthracite,  gas  coal,  splint  coal, 
coking  coal,  soft  coal,  etc.),  are  due  to  degrees  of  oxidation  of 
the  coaly  matter  when  "  resolved  "  from  woody  fibre.  When 
heat  is  applied  to  coal,  gaseous  hydrocarbons  of  varying  com- 
position are  formed  by  reactions  taking  place  in  the  substance  of 
the  coal  itself,  and  are  evolved  from  it ;  a  certain  quantity  of 
what  is  called  "  fixed  carbon  "  or  "  coke,"  but  which  should  be 
called  "  deposited  carbon,"  *  remaining  after  all  the  gaseous 
hydrocarbons  have  been  driven  off. 

The  following  Table  exhibits  the  differences  between  the 
calorific  powers  and  specific  heats  of  five  known  varieties  of  pure 
solid  carbon,  as  found  by  Favre  and  Silbermann,'  who  deduced 
from  them  the  conclusion  that  there  is  no  exact  relation  between 
the  calorific  powxr  and  the  specific  heat  of  carbon  in  the 
different  allotropic  states. 

Table  IX. 


Variety  of  pure  Carbon. 

Calorific  Power. 

Specific  Heat 
(Kegnault). 

Wood  charcoal 

8080 

0-24150 

Gas  retort  carbon 

80473 

020360 

Artificial  graphite 

77623 

01 9702 

Native  graphite 

77966 

0-20187 

Diamond 

7770-1 

0-14687 

'  On  "  Cumulative  Resolution."  by  Prof.  E.  J.  Mills,  D.Sc,  F.R.S. 
*  See  "  On  Fuel  and  its  Applications,"  by  E.J.  Mills,  D.Sc,  and  F.  J.  Rowan. 
Vol.  i.  of  Groves  and  Thorp's  Chemical  Technology.     London,  1889. 
'  See  Percy's  "  Metallurgy,"  F'uel,  p.  163. 
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These  facts  have  also  suggested  the  conclusion  that  the  heat 
of  combustion  of  an  elementary'  substance  depends  not  only 
upon  its  chemical  constitution,  but  also  upon  its  physical  state 
before  combustion.*  Favre  and  Silbermann  also  noticed  that 
the  density  of  both  simple  and  compound  bodies  exerts  an 
influence  upon  their  calorific  value,  and  that  the  fuel  value  of 
polymeric  bodies  varies  with  the  state  of  condensation  of  their 
molecules,  with  which  it  is  in  inverse  ratio.  As  an  illustration  of 
the  differences  existing  in  simple  bodies  in  different  allotropic 
conditions,  they  instanced  carbon  vapour,  whose  fuel  value  they 
reckoned  at  11,214  calories,  natural  giaphite  they  valued  at 
7796*6,  and  diamond  at  7770  calories. 

The  fuel  value  of  the  '*  fixed  carbon,"  "  coke,"  or  "  deposited 
carbon,"  into  which  a  portion  of  coal  is  resolved  depends,  there- 
fore, upon  its  density,  which  is  largely  determined  by  the 
temperature  and  pressure  at  which  its  formation  has  taken 
place. 

With  regard,  also,  to  the  hydrocarbons  which  are  formed  by 
the  action  of  heat  on  coal,  their  composition  depends  upon  the 
temperature  to  which  the  coal  has  been  exposed  during  distilla- 
tion or  decomposition,  and  since  the  calorific  value  of  the 
different  hydrocarbons  varies  with  their  constitution  and  that  of 
solid  carbon  with  its  physical  state,  it  is  evidently  not  easy  to 
find  an  exact  relation  between  the  results  yielded  by  any  given 
coal  on  analysis  and  those  found  in  actual  use.  Even  with 
different  methods  of  use  different  results  are  obtained.  In  con- 
nection with  this  subject,  another  consideration  deserves  some 
attention.  In  the  calculation  of  the  calorific  value  of  fuels,  it  is 
always  assumed  that  all  the  carbon  of  the  fuel  exists  in  it  as  solid 
carbon  and  has  the  value  of  wood  charcoal  burning  to  carbon 
dioxide,  whilst  all  estimations  of  the  calorific  power  of  hydrogen 
are  made  with  it  in  the  state  of  gas.  In  neither  case  does  this 
truly  represent  the  actual  condition  of  the  fuel. 

In  the  case  of  coal,  a  considerable  portion  of  the  carbon  must 
burn  in  the  state  of  gas  along  with  the  hydrogen,  both  elements 
having  been  previously  united  in  a  sohd  form.  In  the  case  of 
liquid  fuel,  none  of  the  carbon  or  hydrogen  exists  in  a  solid  form, 


*  See   "Coal,  its   History   and  Uses,"  by  Prof.  Rucker,   p.   243.     London 
Macmillan,  1878. 
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and   both  substances  must  be  wholly  consumed  in  the  state  of 
gas,  if  that  kind  of  fuel  is  to  be  economically  used. 

An  illustration  of  the  nature  of  the  discrepancies  which  may, 
and  undoubtedly  often  do,  exist  between  the  heat  values,  as 
calculated  from  elementary  composition  and  as  found  in  actual 
use,  is  afforded  by  a  comparison  of  marsh  gas  with  acetylene. 
Marsh  gas  is  represented  by  CH^,  but  ft  has  been  found  that 
16  grams  of  marsh  gas  give  out  in  burning  less  heat  than  do 
the  12  grams  of  carbon  and  4  grams  of  hydrogen  gas  of  which 
it  is  composed.  It  is  readily  decomposed  by  heat  into  its 
elements,  and  is  generally  formed  by  actions  taking  place  at  a 
low  temperature.  Acetylene  (C,H,),  on  the  other  hand,  has  a 
higher  heat  value  than  is  shown  by  the  sum  of  its  elements,  as 
26  grams  of  C,H,  give  more  heat  than  do  24  grams  of  carbon 
and  2  grams  of  hydrogen  gas.  Unlike  marsh  gas,  acetylene 
is  produced  by  reactions  taking  place  at  a  high  tempera- 
ture, and  this  may  account  for  its  greater  potential  energy. 
One  of  the  fundamental  principles  of  thermo-chemistry  is  that 
the  quantity  of  heat  evolved  is  the  measure  of  the  sum  of  the 
chemical  and  physical  work  accomplished  in  the  reaction.  This, 
of  course,  supposes  that  all  the  actions  taking  place  in  the 
accomplishment  of  a  given  result  are  known,  so  that  the  elements 
of  which  that  result  is  composed  can  be  counted.  When,  for 
instance,  soHd  bodies  become  by  chemical  union  a  gaseous  com- 
pound, heat  is  absorbed  or  becomes  latent,*  and  a  portion  of  this 
heat  may  become  sensible  during  the  transfer  of  one  of  these 
gaseous  constituents  to  another  combination.  With  regard  to 
coal,  however,  it  cannot  be  pretended  that  we  know  all  the 
reactions  taking  place  during  its  combustion,  or  the  full  effect  of 
conducting  that  combustion  at  various  temperatures.  In  general, 
the  theoretical  thermic  values  of  the  different  elements  calculated 
as  burned  in  oxygen  are  taken  as  the  basis  of  calculation  of  the 
heat  value  of  fuels,  with  some  small  deductions  due  to  the 
presence  of  oxygen  in  the  fuel,  to  the  employment  of  atmospheric 
air,  and  to  the  specific  heat  of  the  products  of  combustion. 

The  following  Table  shows  these  theoretical  calorific  values  of 
the  principal  substances  found  in  coal  and  other  fuel. 


*  See   "  On  the  Physical  Conditions  Existing  in  Shale-distilling  Retorts," 
by  F.  J.  Rowan,  Jour.  Soc.  Chem.  Industry,  Vol.  x.,  1891. 
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Table  X. 


Hydrogen  burned  in  oxygen  ... 

Carbon  burned  in  oxygen  to  CO 

Carbon  burned  in  oxygen  to  COj 

Carbonic     oxide     burned     in 
oxygen  CO, 

Olefiant  gas  (ethylene) 
Marsh  gas  (methane) 


Symbol  and  atomic  weight. 


Before 
combustion. 


H  I 

C  12 

C  12 

CO      28 

C,H,  28 1 
CH<    i6| 


After 

combustion. 


British 

thermal  units 

(lb.  F.  degrees) 


H,0  i8 

CO  28 

CO,  44 

CO,  44 


CO, 

2" 


Heat  evolved  by  the  com- 
bustion of  I  lb.  of  substance. 


62,032 
4,451 

i4uS44 
4,326 

21,343 
23,513 


lbs.  of  water 
evaporated 
from  and  at 


64-21 
4'6l 

1506 
448 

2209 

2434 


With  regard  to  the  oxygen  in  the  fuel,  as  it  exists  for  the  most 
part  in  moisture,  hygroscopic  or  free,  and  is  therefore  useless  for 
combustion,  being  already  combined  with  its  equivalent  of 
hydrogen,  it  is  usual  to  deduct  from  the  hydrogen  one-eighth  of 
the  weight  of  the  oxygen.  The  remainder  of  the  hydrogen  is 
called  the  **  disposable  hydrogen,"  and  in  calculations  of  calorific 
power  is  generally  reduced  to  the  heat-producing  equivalent  of 
carbon.  The  general  statement  of  the  calculation  for  calorific 
value  is  therefore  : — 

Calorific  value  =  14,544! C  -f  4*265  (H—  -)  | 

For  the  quantity  of  water  which  the  fuel  can  evaporate  from 
and  at  212°  Faht.  (966  British  heat  units  being  required  per  lb. 
of  water  evaporated),  the  following  is  used  : — 

lbs.  of  water  evaporated  =  15*06 |c  -f  4*265  f  H—  —j\ 

In  some  books  the  round  numbers  62,000  for  hydrogen,  and 
14,500  for  carbon,  are  adopted  in  calculating  heat  values  of  fuel, 
and  this  causes  a  slight  alteration  in  the  figures  given  above. 

Thus  D.  K.  Clark*  gives  the  following  formula  for  heating 
power  : — 

A=i45  (C  +  4*28  H) 


'  "  The  Steam  Engine,"  Vol.  i.,  p.  38. 
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and  for  evaporative  power  : — 

(with  water  supplied  at  62°)  ^=013  (C  +  4*28  H) 
(with  water  supplied  at  212?)  ^=015  (C  +  428  H) 

These  calculations  afford  approximate  estimates  (apart  from 
the  effects  of  the  products  of  combustion)  of  the  value  of  fuels 
for  steam  raising,  but  it  is  well  known  that  they  are  certain  to 
give  results  which  are  short  of  what  can  be  realised  with  fuel 
properly  used. 

Efforts  have  not  been  wanting  to  improve  the  basis  of  such 
calculations,  so  that  their  result  should  come  nearer  to  the 
possible  with  fuel  in  actual  use.  One  of  the  best  attempts 
hitherto  was  made  by  M.  Cornut/  chief  engineer  to  the  Northern 
(of  France)  Steam  Users'  Association,  who  suggested  the  formula 
(expressed  in  calories)  : — 

Q=8o8oC  +  ii2i4C*  +  34462H. 
when  Q=the  total  quantity  of  heat, 

C=the  fixed  or  solid  carbon,  and 

C*=the  volatile  carbon  contained  in  the  coal. 

The  uncertain  factor  in  this  case,  however,  is  the  value 
ascribed  to  the  gaseous  carbon,  because,  as  we  have  seen,  all 
hydrocarbons  have  not  the  same  calorific  value,  which  depends, 
no  doubt,  to  a  great  extent  on  the  temperature  of  their 
formation. 

In  the  case  of  liquid  fuel,  Harrison  Aydon'  proposed  to  give 
all  the  carbon  contained  in  it  the  heat  value  of  21,600  British 
heat  units  (that  is,  practically  the  same  value  as  M.  Cornut 
employed  in  calories),  which  Prof.  Rankine  had  stated  was  the 
number  due  to  gaseous  carbon.  A  small  expenditure  of  heat, 
however,  suffices  to  gasify  the  whole  of  the  oil  of  most  qualities 
which  are  used  for  fuel,  and  when  this  preliminary  gasification 
is  properly  carried  out  the  resulting  gas  has  usually  a  much 
higher  calorific  power  than  is  represented  by  the  constituents  of 
the  oil  itself'  as  analysed.  It  seems  to  be  quite  possible  to 
improve  the  methods  of  analysing  fuels,  with  a  view  to  the  report 

*  "  Etudes  sur  la  Combustion  de  la  Houille,"  from  Bulletin  de  la  Societe 
Industrlelle  de  Mulhouse.     Paris,  1875. 
»  Min.  Proc.  Inst.  C.E.,  Vol.  Hi. 

'  See  •'  On  the  Calorific  Value  of  Solid  and  Liquid  Fuels,"  by  F.  J.  Rowan, 
our.  Soc.  Chem.  Industrj',  Vol.  vii.,  p.  195. 
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of  analysis  giving  a  better  conception  of  their  calorific  value,  and 
the  author  of  this  work  has  suggested  (in  "  Fuel  and  its  Applica- 
tions," page  709)  a  direction  which  such  methods  might  usefully 
take. 

Illustration  of  the  insufficiency  of  present  methods  is  afforded 
by  the  results  of  the  elaborate  trials  of  fuel  in  quantity  for  steam 
raising  which  were  carried  out  under  the  auspices  of  the  Indus- 
trial Society  of  Mulhouse,  whose  "Bulletin"  (already  referred  to) 
contains  the  records. 

Even  with  calorimetric  estimations  of  heating  power,  con- 
siderable variations  from  the  calculated  or  theoretical  figures 
have  been  obtained, .  as  is  shown  by  the  following  Table  of 
examples  of  the  results  obtained  by  Messrs.  Scheurer-Kestner 
and  Meunier-Dollfus*  and  published  by  them  and  by  Dr.  Percy  :* 


Table  XI. 


Description 

Locality. 

Percentage  composi- 
tion of  the  Coal 

Kxclusive  of 
Ash  and  Water. 

CaloriBc  Power 
calculated  on 
the  dry  Coal 
free  from  Ash. 

Coke 
pr.cent. 

calcu- 
lated on 
the  dry 

Coal 

free 

from 

Ash. 

ot 
Coal. 

Carbon. 

Hy- 

drt>- 
gen. 

4-«5 
5'44 
468 
460 
4-42 
4-4. 
424 

Oxvgcn 

and 
Nitro- 
gen. 

Experi- 
mental 
Calo- 
ries. 

Theo- 
retical 
Calo- 
ries. 

I 
2 

3 
4 
5 
6 

7 

8 

Lignite 

not  stated 

»i        »» 

»>        »» 

Caking 

iion-caking 

Anthracite 

Manosque,BassesAlpes 

)?                   U                  M 

Louisenthal,  wSaarbriick 

Duttweiler,  Saarbriick 

Ronchanip 

Creusot 

•• 

66-31 

70-57 
7687 
83-82 
8838 
88-48 
9079 
92-36 

28-84 
2399 

i«-45 

11-58 
7-20 
7-11 

4-97 
3-9« 

6991 
7363 
8215 
8724 
9117 
9622 
9293 

t>456 

5782 
6533 
7056 
7871 
8354 
8384 
85H5 
8553 

46-76 

4755 
5949 
6358 
71-58 
8042 
84-12 
88-15 

These    results    exhibit    differences   of   a    striking    character 
between  the  theoretical  and  experimental  calorific  power  in  all 


*  Annal.  de  Chim.  et  de  Phys.  s.4.,  1870,  xvi.,  p.  436  ;  5.4  1872,  xxvi.,  p.  80  ; 
see  also  M.  L.  Griiner's  "  Pouvoir  Caloritlqiie  el  Classification  des  Houilles," 
Ann.  des  Mines,  1874,  p.  169. 

*  "  Metallurgy,"  Vol.  Fuel,  p.  539. 


THE  MODERN  STEAM  BOILER.  57 

cases,  and  also  differences  in  value  between  specimens  having 
practically  the  same  ultimate  composition  on  analysis.  Of  these 
latter  Nos.  5  and  6  are  examples,  whilst  6  and  7  show  other 
variations  and  anomalies  in  calculation  from  chemical  composi- 
tion. In  all  these  cases  which  are  noted  in  this  Table,  the 
experimental  calorific  power  exceeded  that  obtained  by  calcu- 
lation from  the  chemical  composition,  and  the  excess  amounted 
in  some  cases  to  15  per  cent.  In  fact  it  may  be  taken  as  almost 
a  general  rule  that  higher  heating  effects  may  be  obtained  from 
fuel  than  a  calculation  of  calorific  power  according  to  the  usual 
methods  would  cause  us  to  expect.  It  must  not  be  assumed, 
however,  that  the  thermal  value  yielded  by  experiment  with  a 
small  quantity  of  coal  burned  in  a  calorimeter  is  necessarily  the 
correct  one,  or  is  invariably  the  same  even  for  the  same  coal. 
There  are  several  sources  of  error  in  this  method,'  even  with  the 
best  calorimeter  in  use,  but  it  frequently  yields  higher  results 
than  calculation  affords. 

Theoretical  Temperature  of  Combustion. — The  employment  of  air 
in  combustion  necessarily  exerts  a  considerable  influence  upon 
the  temperature  which  is  produced.  If  we  had  carbon  burning 
in  pure  oxygen,  the  hypothetical  maximum  temperature  which 
could  be  produced  would  be  : — 

p  P  being  the  calorific  power  of  carbon 

8080  3*^  being  the  quantity  of  carbonic  acid 

i.e.  r  =  ——————  produced  per  equivalent  of  carbon. 

=  10  18-^°  Cent  ^  being  the  specific  heat  of  carbonic 

acid. 

That  is  the  result  under  the  supposition  that  the  carbonic  acid 
as  produced  remains  under  constant  pressure.  Should  the 
volume  be  kept  constant  instead  of  the  pressure,  Dr.  Percy*  has 
stated  that  the  result  will  be  greater  in  the  ratio  of  i  to  1*265, 
and  hence  that  T  will  become 

10,183  X  1-265  =  12,881°  Cent. 

When  air,  supposed  to  consist  exclusively  of  oxygen  and  nitrogen, 
is  substituted  for  oxygen,  and  the  quantity  employed  is   that 

'  As  to  this,  see  "  On  the  Calorific  Value  of  Solid  and  Liquid   Fuels,"  Jour. 
See.  Chemical  Industry,  March  31,  1888  ;  also  ibid.  31  Oct.,  1901,  p.  972. 
»  "  Metallurgy,"  vol.  Fuel,  p.  168. 
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which  contains  the  exact  proportion  of  oxygen  required  for  the 
formation  of  carbonic  acid,  these  temperatures  become  corres- 
pondingly 

at  constant  pressure =271 8°  Cent,  and 

at   constant  volume= 3438°  Cent. 

Similarly,  the  hypothetical  maximum  temperatures  produced  by 
the  combustion  of  hydrogen  appear  to  be  * 

in  oxygen,  under  constant  pressure =6743°  Cent. 

„  „  „        volume  =8779°  Cent, 

in  air,  under  constant  pressure        =2684^  Cent. 

„         „         „         volume  =3495°  Cent. 

Effects  of  Air. — It  will  readily  be  understood  that  the  tempera- 
tures obtainable  in  furnaces  from  the  combustion  of  fuel  must 
necessarily  be  considerably  below  these  figures.  Atmospheric 
air  is  a  more  complex  mixture  than  in  the  case  supposed  above, 
being  said  to  consist  by  volume  of 

o788N+oi970-f  oooiCO,-f-ooi4H,0, 
and  by  weight    o77iN-f  o-2i80-f  ooo9CO,-f  ooi7H,0, 

so  that  the  deductions  to  be  made  from  the  maximum  hypo- 
thetical temperature  are  greater  than  those  given.  Then  again, 
the  practical  conditions  under  which  combustion  of  fuel  takes 
place  are  such  that  it  has  always  been  found  necessary,  for 
complete  combustion,  to  employ  a  greater  or  less  excess  of  air 
iver  the  quantity  theoretically  required  to  supply  oxygen 
equivalent  to  the  carbon  and  hydrogen  in  the  fuel.  This  total 
quantity  of  air  has  to  be  heated  to  the  temperature  of  the  furnace, 
at  the  expense  of  the  available  heat  from  the  fuel,  and  moreover, 
tlie  large  volume  of  gases  resulting  usually  carries  off  a  by  no 
means  inconsiderable  proportion  of  this  heat,  part  only  being 
utilised  in  the  so-called  "  ascensional  power  "  of  the  gases,  due 
to  their  expanded  volume  and  correspondingly  reduced  weight. 

The  following  Table,  which  was  published  in  an  interesting 
paper  by  Mr.  W.  H.  Maw  ("  On  Methods  of  Producing  High 
Temperatures,"  Proc.  Inst.  Cleveland  Engineers),  some  years 
ago,  exhibits  some  of  these  facts  in  a  convenient  form.  The 
tuimber,  14,000,  of   heat   units  on  the  British  scale  has  been 

*  See  Percy's  "Metallurgy,"  Vol.  Fuel,  pp.  167-173. 
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adopted  for  cai-bon,  and  the  temperatures  are  given  in  Fahrenheit 
degrees  : 

Table  XII. 


Conditlaa  of  combottloo. 


Ko-of 

units 

of  heal 

produced. 

We»|{htof 

products 

of 

combwtloo. 

Mean 

tpeciAc 
heat  oi 

of 

lb. 

14,000 

3J 

0*216 

4.000 

2i 

0-248 

14,000 

13 

0237 

4,000 

7 

0-2S4 

I4.OOO 

15! 

0-237 

14,000 

19 

0237 

lacregne  of  temperalvre 
produced. 


I  lb.  of  carbon  burnt  into  carbonic  \ 
dioxide.  Oxygen  supplied  in  a  v 
pure  state.  ) 

I  lb.  of  carbon  converted  Into  car-1 
bon  monoxide.  Oxygen  supplied  [■ 
in  a  pure  state.  j 

I  lb.  of  carbon  burnt  to  CO..  Oxygen  ) 
supplied  in  atmospheric  air.  '         } 

I  lb.  of  carbon  converted  into  CO.  )^ 
Oxygen  supplied  in  air. 

I  lb.  of  cart>on  burnt  to  COi.  Oxygen 
supplied    in    air   20   per  cent  ' 
excess. 

I  lb.  of  carbon  burnt  to  CO«.  Oxygen] 
supplied    in   air  50  per  cent,  in 
excess.  J 


en) 


_Ll!???_=i7,676«'F 
3|  X  o  216 

4-000      =6.9120  F. 
2I  X  0-248 

'^""     =4..'t4S°F. 
13  X  o  237 

^'"^  =  2,249°  F 
7  X  0254 

'4.000      ^  3,8360  F, 
15  4  X  o  237 


14.000    ^ 
19  X  o  237 


3.I09PF. 


Loss  of  Heat  from  Opening  Furnace  Doors. — There  is  another 
cause  of  loss  of  heat,  or  failure  to  obtain  the  full  result  possible 
from  a  given  fuel,  the  extent  of  which  is  very  seldom  estimated, 
and  that  is  found  in  the  frequent  opening  of  furnace  doors  as 
required  in  the  ordinary  processes  of  stoking.  In  no  furnaces 
are  the  evil  effects  of  this  so  likely  to  be  quickly  experienced  as 
in  steam  boiler  furnaces,  on  account  of  the  limited  amount  of 
fire  brick  surface  and  the  large  amount  of  metal  surface  exposed 
to  the  action  of  the  flame  and  hot  or  cold  gases.  Each  time  the 
doors  are  opened  there  is  an  inrush  of  comparatively  cold  air 
from  the  stokehold,  with  consequent  dilution  of  the  hot  gases  and 
general  reduction  of  the  temperature ;  and  if  Mr.  Yarrow's 
estimate  of  1,440  such  openings  in  24  hours  (referred  to  in 
chap.  11.  ante)  is  at  all  near  the  mark,  the  loss  of  heat  from  this 
cause  must  be  enormous. 

Fluctuations  of  Temperature  in  Furnaces. — It  has  been  recently 
said*  that  "when  calculations  are  made  for  the  transmission  of 


1  "  On  the  the  Transmission  of  Heat  through  Plates  from  Hot  Gases  to 
Water,"  by  Mr.  George  Halliday.  Trans.  Inst.  Engineers  and  Shipbuilders  in 
Scotland,  Vol.  xlil.,  p.  41. 
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heat  through  plates  for  a  constant  temperature  of  furnace  and 
chimney,  it  must  be  understood  that  no  such  thing  exists  in 
practice,  the  temperature  changing  in  the  furnace  200°  F.  in  less 
than  a  quarter  of  an  hour,  and  the  chimney  varying  within  100° 
in  about  the  same  time.'*  It  is  probable,  however,  that  Mr. 
Halliday's  estimate   is    considerably    below    the   mark.      The 


€TWt 


FIG.  33. 

diagrams  (see  Figs.  33,  34,  35,  and  36)  of  fluctuations 
of  temperature  in  Mr.  Houldsworth's  trials,  with  carefully 
regulated  hand  stoking  and  chimney  draught,  show  fluctua- 
tions of  400°  F.  due  to  opening  firing  doors  and  charging 
fuel  every  half  hour  ;  and  where  the  fire  was  stirred  between 
charges,  the  temperature  did  not  again  rise  to  its  former  point 


PAU. 


€PM 


FKi.  34. 

after  each  charge,  so  that  it  w^as  on  the  average  on  a  continual 
down  grade.  These  diagrams  were  originally  communicated  to 
the  Select  Committee  on  Smoke  Prevention  in  1843,  and  are 
reproduced  in  Mr.  D.  K.  Clark's  "  Steam  P^ngine  "  (Vol.  i.,  pp. 
206-213).  In  Mr.  Yarrow's  estimate  of  the  frequency  of 
opening  furnace  doors,  a  large  marine  boiler,  worked  with  forced 
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draught,  is  supposed,  where  consequently  the  combustion  would 
be  more  rapid,  and  the  necessity  for  charging  and  stimng  fires 
more  frequent.* 


JiA-Mi 


FIG.  36. 


Various   estimates   of  the   actual   temperatures   produced  in 
furnaces  have  been  formed,  and  pyrometrical  tests  have  been 


'  Refer  also  to  D.  K.  Clark,  "  The  Steam  Engine,"  Vol.  i.,  p.  295. 
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made  by  Mr.  Isherwood,  Mr.  W.  A.  Martin,  Mr.  John  Elder, 
Mr.  D.  K.  Clark  and  others,  but  most  of  these  suffer  in  their 
value  from  the  exceedingly  imperfect  apparatus  necessarily 
employed.  With  the  pyrometers  of  Le  Chatelier  and  of  H.  L. 
Callendar,  there  is  now  a  much  better  opportunity  than  has  ever 
previously  occurred  of  obtaining  continuous  and  accurate  records 
of  high  temperatures.* 

Quaniily  of  Air  Employed. — ^Whilst  I2'2  lbs.  of  air  supply  the 
quantity  of  oxygen  sufficient  for  the  combustion  of  i  lb.  of 
carbon,  it  has  been  found  that,  with  chimney  draught,  as  much 
as  from  1 8  to  22  lbs.  of  air  per  lb.  of  coal  are  necessary  for  the 
complete  combustion  of  coal  with  ordinary  grates  and  chimney 
draught,  so  that  the  presence  of  unconsumed  carbon  monoxide 
in  the  waste  gases  may  be  prevented.  This  is  well  illustrated  in 
the  tabulated  results  of  trials  given  by  Prof.  Kennedy  and  Mr. 
Bryan  Donkin  in  "  Evaporative  Trials  of  Steam  Boilers."  With 
the  ordinary  systems  of  forced  draught  in  use  there  seems  to 
have  been  little  reduction  made  in  that  quantity,  unless  with 
water-tube  boilers,  which  have  shown  i7'2  to  iS'i  lbs.  of  air  per 
lb.  of  coal  with  a  fair  economy  in  the  consumption  of  fuel  per 
I.H.P.  hour. 

Effects  of  Different  Quantities  of  Air. — The  following  diagram 
was  constructed  by  Mr.  (afterwards  Sir)  William  Anderson  to 
exhibit  graphically  the  effects  produced  on  the  temperature  of 
combustion  by  the  addition  of  different  proportions  of  air  to  the 
fuel.  Taking  12-2  lbs.  of  air  and  5150°  absolute  (calculated 
thus — 

T  =  520°-h      ^4,544  units.  5150°  absolute) 

^  13-2  lbs.  X  0-238       ^  ^  ^ 

as  the  theoretical  temperature  of  combustion,  with  that  quantity 
for  a  starthig  point,  the  curve  for  carbon  shows  the  probable 
temperature  with  successive  additions  of  air,  making  totals  of 
1 8*3,  244,  and  366  lbs.  of  air  per  lb.  of  carbon.  These  quanti- 
ties of  air  are  set  up  as  vertical  ordinates  to  the  base  line  in 
f^ig-  37)  the  base  line  representing  absolute  zero  and  the 
horizontal  lines  above  it  various  degrees  of  temperature  on  the 

'  See  also  "  The  Pneumatic  Pyrometer,  with  Autographic  Recorder,"  by 
E.  A.  Uehling.  Cleveland  In^tn.  of  Engineers.  January  22,  1900.  Arndt's 
Apparatus.  A.  Bcment.  Jour.  West.  Soc.  Engineers,  Vol.  vi.,  pp. 
204  2\q. 
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absolute  scale,  those  for  the  melting  points  of  steel  of  different 
kinds  having  been  carefully  found.  The  upper  curve  illustrates 
similarly  the  combustion  temperatures  of  petroleum  composed 
of  084  of  carbon  and  01 6  of  hydrogen,  i  lb.  of  the  oil  requiring 
only  10-32  lbs.  of  air  theoretically  for  its  complete  combustion, 
and  yielding  with  it  22,136  British  heat  units.     The  ordinates  in 


PCTMUUM 
IfrMlM.Of 


KIG.  37. 


this    case    represent   additions  of    air  in  quantities  which  are 
multiples  of  10*32  lbs. 

Volume  of  Gases  from  Combustion. — Professor  Rankine  calcu- 
lated the  volume  of  gases  from  the  combustion  in  a  furnace  at 
temperatures  from  32°  to  4640°  Faht.  on  the  basis  of  12  lbs.  of 
air  per  lb.  of  fuel  being  supplied,  and  also  at  18  lbs.  and  24  lbs. 
of  air  per  lb.  of  fuel.  Ignoring  variations  of  density  produced 
by  fluctuations  of  the  pressure  of  gases  in  the  furnace,  above  or 
below  the  mean  atmospheric  pressure,  he  assumed  the  volume 
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at  32°  Fahr.  to  be  12^  cubic  feet  for  each  lb.  of  air  supplied  to 
the  furnace,  so  that  with — 

12  lbs.  of  air  supplied  per  lb.  of  fuel,  the  volume  of  gases  at  32° 

per  lb.  of  fuel  would  be 150  cubic  feet. 

with  18      225     „         „ 

"    24      300     „ 

The  volume  at  any  other  temperature  T  is  calculated  as 
follows  : — 

V  =  volume  at  32°  x  ^  "^  ^^'""'^  =  V,.  L 
493^-2 

Vq  being  =  the  volume  at  32°  of  air  supplied  per  lb,  of  fuel. 

r      „       =  the  temperature  T  on  the  absolute  scale.* 

T^     ^,       =  the  absolute  temperature  of  melting  ice,  i.e.  493°*2. 

The  results  obtained  by  means  of  this  calculation  are  given  in 
Table  XIII. 

The  velocity  of  the  current  of  these  gases  in  a  chimney  in  feet 
per  second  is  reckoned  as  follows :  — 


u  = 


'o'l 


w  being  =  the  weight  of  fuel  burned  in  the  furnace  per  second. 
Vq     „     =  the  volume  at  32°  of  the  air  supplied  per  lb.  of  fuel, 
r,      p     =  the  absolute  temperature  of  the  gases  discharged  by 

the  chimney. 
A     „      =  the  sectional  area  of  the  chimney. 

^  Absolute  Temperatures.    (Rankiiie  "Steam  Engine,"  p.  228).    The  absolute 
zero    is    the  imagined  temperature  corresponding  to  the  disappearance  of 
gaseous  elasticity,  at  which  f*v  :=  0,    Temperatures  reckoned  from  that  point ' 
arc  called  absolute  temperatures,  and  denoted  by  the  symbol  r. 
Let  Tq  be  the  absolute  temperature  of  melting  ice. 

Let  r,  be  the  absolute  temperature  of  boiling  water  at  atmospheric  pressure. 
Let  r  be  any  third  absolute  temperature. 
Then 

_T,-To 
'"o—  o-abs 
ri=r365  t^ 
pv 

pv 
For  Fahrenheit   scale   ro=493''"2  ;    r,=673''-2  ;   r=493°'2T— =T+46i'''2. 

o  p7' 

For  Centigrade  scale  ro=274°;  ri=374° ;  r=274  ^^=T-f274". 

The  position  of  absolute  zero  on  the  Fahrenheit  scale  is — 46i°"2. 
The  position  of  absolute  zero  on  the  Centigrade  scale  is — 274°. 
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Temperature. 

Volume  of  gases  per  lb,  of  fuel,  in  cubic  feet, 
when  air  supply  in  lbs.  of  air  per  lb.  of  fuel  is 

12  lbs. 

18  lbs. 
225  cub.  ft. 

24  lbs. 

32*'  Fahr. 

150  cub.  ft. 

300  cub.  ft. 

68'      „ 

161        „ 

241          n 

322       , 

104"      » 

172        „ 

258         n 

344       , 

212"      „ 

205       „ 

307         „ 

409      , 

392'      „ 

259       „ 

389          n 

519      , 

572'         n 

314        M 

471           M 

628       , 

752'         „ 

369       » 

553      u 

738       , 

1112'         „ 

479       „ 

718      „ 

937       , 

1472'         „ 

5«8       » 

882      „ 

1 176      , 

1832'         ,. 

697       „ 

1046      „ 

1395      , 

2500'         „ 

906      „ 

1359      „ 

1812      , 

3275'         ., 

1 136      „ 

1704              M 

4640'         „ 

I55I          n 

The  density  of   that    current   in   lbs.    to   the   cubic   foot  is. 
according  to  Rankine,  very  nearly 


D=-^;(oo8o7-H^) 


or  from 

0*084   to   0087    X    Tg  ~  Tj" 

To  calculate  the  **  head,"  or  height  in  feet,  of  a  column  of  the 
hot  gases  in  the  chimney,  which  is  required  to  produce  the 
velocity  m,  Rankine  uses  the  formula  and  constants  given  by 
Peclet— 


(  T  J-  n  j_  "^ 

2g\ 


h=-   1+G  + 


-) 


G  being  a  factor  of  resistance  to  air  passing  through  the  fuel 
on  a  grate  ascertained  by  Peclet  to  be  12  for  furnaces  burning 
from  20  to  24  lbs.  of  coal  per  square  foot  of  grate  ; 

/being  a  co-efficient  of  friction  estimated  at  0012  by  Peclet  ; 

m  being  the  hydraulic  mean  depth  of  chimney  or  one  fourth 
of  the  diameter  of  a  round  chimney  ; 

/  being  the  whole  length  of  the  chimney  and  flue  in  feet. 
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The  formula  then  becomes — 
h 


«Vt^   .  o-oi2/\ 


The  head  may  be  converted  into  an  equivalent  pressure  in  lbs. 
per  square  foot  by  multiplying  it  by  the  density  as  given  above, 
i,e,  p=hD,  and  this  may  be  converted  into  any  other  unit  of 
pressure  by  multiplying  by  a  suitable  factor. 

For  head  in  inches  of  water  the  multiplier  is  =  0*192,  so 

5204 

that  head  in  inches  of  water =0*  192^  or  0192  AD. 

One  lb.  on  the  square  inch =2  307  feet  of  water. 

The  following  particulars  of  speed  of  gases  with  natural 
draught  are  taken  from  M.  Bertin's  work  on  "  Marine  Boilers." 

"  A  column  of  air  at  572**  has  a  specific  weight  of  about  half  that  of  the 
external  atmosphere.  If  H  be  the  height  of  the  funnel  above  the  grate  bars, 
and  the  velocity  be  taken  as  uniform,  the  depression  at  the  base  of  the  funnel 
would  §H. 

"  Expressing  this  in  inches  of  water,  we  have  : — 

h  =  iU  X  ?:????466  ^  j2=ooo8H 
00361 1 
when  H  equals  the  height  of  the  funnel  in  feet,  and  h  the  height  of  the  water 
column  in  inches.    The  weight  of  i  cubic  in.  of  air  at  32*  F.  is  0-0000466  lb., 
and  that  of  i  cubic  in.  of  water  00361 1  lb. 

"  Thus  at  the  base  of  a  funnel  66  ft.,  49  ft.,  or  33  ft.  high,  the  depression 
will  amount  to  0-53  in.,  039  in.,  or  0*26  in.  of  water  respectively,  on  the 
supposition  that  the  mean  temperature  of  the  gases  is  572**  F.,  and  that  the 
movement  of  the  column  of  air  is  not  obstructed. 

"  It  has  been  observed  that  the  velocity  of  the  air  is  1273  ft.  on  entering  the 
ash  pans  for  a  depression  of  0*52  in.  in  the  ash  pans,  which  corresponds  to  a 
depression  of  0*43  in.  in  the  furnace.  If  the  air  spaces  between  the  furnace 
bars  are  equal  to  60  per  cent,  of  the  grate  surface,  or  say  three  times  the  section 
of  the  ashpit  doors,  the  speed  of  the  air  though  the  bars  will  only  be  about 
4*26  feet. 

**  Calculating  the  depression  for  a  speed  of  1273  feet,  we  have  : — 

A  A  =  1121.  =  0023  in. 
6900 

a  very  small  fraction  of  the  whole  draught. 

"  At  the  base  of  the  funnel  the  velocity  of  the  gases  is  much  greater  than 
through  the  ashpans,  on  account  of  the  reduced  section,  and  also  that  the 
volume  of  the  gases  is  increased,  due  to  the  increased  temperature. 

"  To  the  weight  of  the  column  of  air  must  be  added  also  the  weight  of  the 
products  of  combustion. 

"  Supposing  the  section  of  the  funnel  to  be  three-quarters  of  the  section 
through  the  ashpits,  the  volume  of  the  gas  will  be  doubled  when  raised  to 
572^*,  and  therefore  the  speed  will  be  266  times  that  through  the  ashpits.  The 
increase  of  weight,  amounting  to  about  :^,  may  be  neglected.  The  value  of 
A  //,  therefore,  at  the  base  of  the  funnel  may  be  taken  to  correspond  to 
about  :— 

0023  X  2*66*  =  016. 
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"  The  energy  absorbed  in  putting  the  column  of  gases  in  motion  is  small 
compared  with  that  absorbed  in  overcoming  the  resistance  of  obstructions. 
Neglecting  the  resistance  due  to  the  ashpits,  which  is  not  great,  the  draught 
of  0-51  may  be  divided  up  as  follows  for  a  return  tube  boiler  : — 

Resistance  due  to  funnel,  uptakes,  and  smoke  box 0*02  in. 

,.  M        tubes  on    „ 

„  „        firebox,  bridge,  furnace 006    „ 

„  „        fire  of  moderate  thickness  0*31    „ 

„  „        inertia  of  column  of  gases  0*02    „ 

Total  ...  0-51 
"  In  that  division  the  total  draught  is  measured  from  the  fire-bars,  neglecting 
the  height  of  the  smoke  box  where  the  draught  is  usually  measured.  The 
actual  readings  on  the  gauge  would  be  002  in.  in  the  ashpit,  0*33  in.  in 
the  furnace,  039  in.  in  the  combustion  chamt)er  at  the  back  tube  plate,  and 
0-51  in.  in  the  smoke  box..  As  a  matter  of  fact  the  movement  of  the  gases  is 
by  no  means  uniform  and  is  subjected  to  great  fluctuations.  The  following 
Table  gives  approximate  velocities  at  various  points,  the  grate  area  being  taken 
as  unity  : — 

Table  XIV. 


SecUon. 

Temperature 

Velocity. 

Ashpan  doors 

0-2 

86 

Ft  per  sec. 
I312 

Air  passages  through  grate 

0*33 

Air  passages  through  the  coal        

0-21 

(assumed) 

2912 

9186 

Area  above  bridge 

0-21 

2192 

7546 

Combustion  chamber           

0-21 

1742 

6234 

Entrance  to  tubes  at  back  tube-plate 

018 

1292 

49'2l 

Exit  to  tubes  at  front  tube-plate     

018 

662 

Funnel 

015 

572 

3281 

"  In  tubulous  boilers  the  section  for  the  gases  is  generally  very  large  when 
the  gases  Ipave  the  grate.  Baffles  are  often  employed  to  reduce  the  section 
and  increase  the  length  of  the  course  of  the  gases  through  the  tubes.  Even 
with  natural  draught  the  gases  sometimes  reach  the  funnel  too  quickly.  The 
bottom  of  the  funnel  which,  under  these  conditions,  is  at  a  temperature  of  about 
932'  F.,  becomes  a  dull  red  and  greatly  increases  the  draught.  This  gives 
rise  to  the  entry  of  an  excess  of  cold  air,  and  thereby  reduces  the  efficiency  of 
combustion.  In  a  boiler  where  the  gases  have  too  short  a  course,  too  high 
a  funnel  may  lead  to  bad  combustion,  but  in  general  it  is  advisable  to  have  a 
high  funnel." 

Effects  qfPrc-heaiing  the  Air  for  Combustion.— The  economical 
effects  of  utilising  the  waste  heat  of  the  products  of  combustion 
for  pre-heating  the  air  which  is  introduced  for  burning  the  fuel 
have  not  been  fully  realised.    There  is  no  doubt  that  one  of  the 
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advantages  derivable  from  the  use  of  forced  combustion  or 
mechanically  produced  air-supply,  is  to  be  found  in  the  facility 
which  it  offers  for  this  preliminary  heating  of  the  air.  The  plan 
of  a  closed  stokehold,  however,  used  in  vessels  of  the  British  Navy, 
does  not  lend  itself  to  the  process,  as  it  w'ould  be  manifestly 
impossible  to  raise  the  atmosphere  of  the  stokehold  in  w^hich 
men  work  to  anything  like  a  high  temperature.  Methods  of 
suction  draught  are,  however,  quite  ^s  suitable  as  other  plans 
for  the  addition  of  preliminary  heating  of  the  air  supply  for  the 
furnaces,  and  these  elements  have  been  combined  in  one  case  at 
least.  Wherever  it  is  possible  to  introduce  it,  the  increase  of 
efficiency  which  may  be  realised  from  such  pre- heating  is 
undoubted. 

In  the  case,  for  instance,  of  a  pound  of  carbon  burned  to 
carbonic  acid  (referred  to  in  Table  XII.  on  page  59)  with  a  supply 
of  air  amounting  to  20  per  cent,  in  excess  of  the  theoretical 
quantity  required  for  oxidation,  and  showing  a  theoretical  result- 
ing temperature  of  3836°  F.,  the  effect  produced  by  supplying 
the  air  for  combustion  heated  (by  means  of  the  waste  heat  from 
chimney  gases)  to  400°  above  the  normal  atmospheric  tempera- 
ture, is  considerable.  It  will  amount  to  144  x  400  x  0238,  or  about 
1371  units  of  heat  added  to  the  furnace  per  lb.  of  carbon  burnt. 

The  resulting  temperature  should  in  that  case  be — 

^.4000  +_i37i_=  15371    =    ,,,0  p^^i^^ 
154  X  0-237         36498 

showing  an  increase  of  375^^  F^  in  the  temperature  as  compared 
with  that  produced  without  the  preliminary  heating  of  the  air. 
In  a  paper  "  On  Chimney  Draught  and  Forced  Combustion,"  *  by 
the  author,  another  estimate  was  given.  Supposing  i  lb.  of 
average  Newcastle  coal  to  be  capable  of  yielding  10,000  heat 
units  and  to  be  supplied  with  24  lbs.  of  air  for  combustion 
which  is  heated,  by  transference  of  heat  from  the  waste  gases,  to 
a  temperature  of  300°  F.  above  the  atmospheric  temperature, 
then  the  result  would  be  300  x  2374  (t.e.j  the  specific  heat  of  air) 
=71  units  X  24  (the  air  used  for  combustion)=i704  units,  or  17 
per  cent,  would  be  added  to  the  10,000  units  produced  with  air 
of  normal  temperature.     Similarly  if  the  temperature  of  the  air 

^  Trans.  Inst.  Enji.  and  Shipbuilders  in  Scot.  Vol.  xxxii.  (Dec,  1888.)  See 
also  "  On  Combustion."    Jour.  Soc.  Chem.  Ind.      Vol.  1883,  p.  79. 
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supply  were  increased  by  600^  and  1000°  F.,  the  augmentation 
of  efficiency  would  be  respectively  24^  and  57  per  cent.  In 
other  words,  with  an  air  supply  exceeding  the  normal  atmos- 
pheric temperature  by  300°,  600°  and  1000°  F.,  17  cwts.,  15  cwts., 
and  9  cwts.  of  coal  would  respectively  perform  the  duty  of  i 
ton  if  burnt  with  a  similar  weight  of  air  at  ordinary  temperature. 
Plans  for  pre-heating  the  air  used  for  combustion  have  been  in 
use  in  ordinary  furnaces  and  in  gas  furnaces  on  land  since  1843, 
as  may  be  seen  by  reference  to  the  following  works  :  Dr. 
Percy's  "  Metallurgy,"  Vols.  "  Fuel,"  p.  518  ;  *'  Iron  and  Steel," 
p.  716  ;  Tunner's  *'  Eisen-hiittenw'esen  in  Schweden"  :  D.  K. 
Clark's  "  Fuel,  its  Combustion,  etc."  ;  Mills  and  Rowan's  "  Fuel 
and  its  Applications."  pp.  660-692,  etc.,  whilst  the  value  of  heated 
blast  in  iron  smelting  furnaces  has  been  elaborately  worked 
out  by  Sir  I.  Lowthian  Bell.*  In  Sennett  and  Oram's  work  on 
**The  Marine  Steam  Engine"  (1898)  it  is  stated  that  "the 
development  of  the  air-heating  principle  in  this  country  is  due 
principally  to  Mr.  Howden  of  Glasgow,"  but  it  is  evident  that 
(as  perhaps  the  authors  meant)  this  statement  applies  only  to 
the  combination  of  such  apparatus  with  forced  draught  in 
marine  boilers  w^ith  the  ordinary  grate  or  internal  furnace. 

Temperalure  of  Exit  Gases, — Another  point  which  demands  con- 
sideration is  that  of  the  temperature  at  which  the  waste  gases 
are  allowed  to  escape  into  the  air,  as  this  temperature  determines 
the  quantity  of  heat  which  is  uselessly  dissipated,  and  thus  fixes 
the  lower  limit  from  which  the  useful  effect  of  the  fuel  or  boiler 
can  be  calculated. 

Taking  the  average  quality  of  Newxastle  coal  as  above  for  an 
example,  with  24  lbs.  of  air  per  lb.  of  coal  for  combustion,  the 
waste  gases  would  amount  to  25  lbs.,  with  the  following  result 
as  to  heat  absorption  :  i.e. 

Specific  Heat 

Gases.  lbs.  heat.  units. 

Carbon  dioxide         37    x    '217  =    8029 

Oxygen  28    x    -218  =  "6104 

Nitrogen        18*5    x    244  =45140 

25-0  =59273 

heat  units  required  to  raise  these  gases  1°  Faht. 

*  See  "  Principles  of  the  Manufacture  of  Iron  and  Steel,"  by  I.  Lowthian 
Bell,  F.R.S.     London,  1884. 
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Consequently  if  these  gases  were  discharged  into  the  chimney 
at  600°  F.  above  the  initial  atmospheric  temperature,  59273  x 
600=3556  heat  units  out  of  a  possible  10,000,  or  354  per  cent, 
would  be  entirely  lost  or  absorbed  in  draught  production.  If 
these  gases  were  discharged  at  looo'^  F.  above  the  atmosphere, 
the  loss  with  the  same  consumption  of  air  would  reach  5927 
heat  units,  an  amount  considerably  exceeding  one  half  the  entire 
calorific  value  of  the  fuel.' 

With  draught  produced  only  by  means  of  the  ascent  of  hot 
gases  in  the  chimney,  the  temperature  which  it  is  considered 
most  advantageous  (from  the  point  of  view  of  draught  produc- 
tion) for  these  gases  to  have  is  600^  F.  In  certain  cases,  how- 
ever, as  for  instance  in  that  of  the  boilers  of  the  s.s.  '*  Pro- 
pontis,"  and  other  examples  of  the  same  plans,-  a  chimney 
temperature  of  not  more  than  480°  F.  was  obtained,  along  with 
the  best  results  as  to  economy  in  consumption  of  fuel  in  these 
boilers,  which  was  due  to  their  having  a  very  large  proportion 
of  heating  surface  per  horse  power  and  being  wrought  with  slow- 
combustion. 

In  some  marine  boilers,  worked  with  forced  or  mechanically 
produced  (sometimes  called  *'  accelerated  ")  draught,  either  air- 
heaters  or  feed-water  heaters  (or  *' economisers ")  have  been 
introduced  in  the  uptakes  or  upper  portions  of  the  boiler 
casings,  or  in  the  space  immediately  above  the  boiler  and 
between  it  and  the  chimney,  in  order  to  lower  the  temperature 
of  the  escaping  gases  as  much  as  possible.  Where  feed-water 
heaters  alone  are  used  it  is  apparent,  as  Mr.  Anderson  remarked 
in  his  lecture''  on  "  The  Generation  of  Steam  and  Thermodynamic 
Problems  Involved,"  that  the  chimney  temperature  cannot  be 
lowered  below  the  temperature  of  the  feed  water,  and  the  limits 
of  economy  in  such  an  application  are  soon  reached. 

There  is  no  reason,  however,  why  both  kinds  of  heaters  should 
not  be  simultaneously  employed  in  order  to  utilise  as  much  of 
the  waste  heat  as  is  possible. 

*  Some  inlerolinm  tiijurcs  on  ihc  siil\jcct  arc  j.;i\ci!  I\v  Mr.  Hovvdcn  in  his 
paper  on  "Forced  Conihusiion  in  Sicani  Boilers.'"  Proc.  International 
En^Mneerin^  Conj^Mess,  Chiea.uo.  1804.     Vol.  ii.,  Paper  Xo.  xlii.,  Page  12. 

-  See  "On  llie  Intruduclioii  of  the  Compound  Kn.i^ine  and  the  use  of  High 
Pies^ure  Steam.'  cIl..  by  F.  J.  l\«t\\Mn.  Tians.  Inst.  Eng.  and  Shipbuilders  in 
Scotland.     Vol.  xxiij..  p.  15. 

■'  IVoc.  Inst.  C.  K.,  TSS3-K4 
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A  further  step  in  economy  of  heat  would  no  doubt  be  realised 
by  the  addition  of  an  auxihary  air  condenser  to  the  main 
engines,  making  the  cold  air,  as  drawn  by  the  fans  or  blowers, 
to  pass  through  or  among  tubes,  having  the  exhaust  steam  from 
the  low  pressure  cylinders  in  contact  on  the  opposite  surfaces  of 
the  tubes,  and  thus  effecting  the  first  step  in  the  condensation 
of  the  steam  used  in  the  main  engines.  The  condensation 
w^ould  have  to  be  completed  by  a  water  condenser,  but  as 
all  the  heat  removed  from  this  steam  in  the  usual  way — by 
means  of  circulating  water  in  condensers — is  lost  by  being 
carried  out  of  the  steamship  by  the  water,  it  is  clear  that  if 
a  portion  of  this  heat  could  be  returned  by  means  of  air  to  the 
furnace  from  w^hich  it  was  originally  derived,  a  saving  would 
be  effected. 

A  proposal  was  made  some  years  ago  by  Mr.  J.  P.  Wilson'  to 
utilise  the  waste  steam  from  the  auxiliary  steam  engines  on 
board  ship  for  the  purpose  of  heating  air  for  combustion,  and 
experiments  made  with  this  plan  were  said  to  have  given  good 
results.  There  is  no  reason  why  it  should  not  do  so,  or  why 
the  larger  quantity  of  heat  available  in  the  steam  from  the 
main  engines  should  not  also  be  used.  Mr.  James  Howden 
claims  to  have  proposed  an  air  condenser  with  this  object 
in  i86o.* 

Forced  or  Accelerated  Draught. — It  is  unnecessary  in  the 
present  state  of  engineering  science  to  urge  at  length  the  advan- 
tages of  forced  or  mechanical  as  against  chimney  draught.  In 
this  respect  there  is  a  great  contrast  between  the  present  time 
and  twenty  years  ago,  as  may  be  seen  by  a  perusal  of  some 
remarks  in  an  article  in  The  Engineer  of  30th  August,  1878, 
page  152,  reviewing  the  author's  paper,  in  which  forced  com- 
bustion was  advocated.  A  statement  of  these  advantages  will 
now,  however,  help  to  point  out  the  way  to  further  improve- 
ment.    With  mechanically  produced  draught  there  is  : — 

1.  A  considerable  economy  in  the  power  required  to  produce 
the  movement  of  the  air  and  gases. 

2.  A  greater  rapidity  and    therefore    increased    intensity    of 


'  See  Engineering,  15  April,  1887. 

*  See  Proceedings   of   the   International   Engineering   Congress,  Chicago, 
1894.     Vol.  ii.,  Paper  No.  xlii.,  page  14. 
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combustion  is  possible,  by  which  means  higher  temperatures  are 
produced  in  the  furnace. 

3.  The  velocity  and  direction  of  travel  of  the  hot  gases  over 
the  heating  surfaces,  as  well  as  the  escape  of  the  waste  gases, 
can  be  controlled  without  difficulty. 

4.  The  incoming  air  for  combustion  can  be  made  to  pass 
through  heaters  exposed  to  waste  heat,  in  various  positions. 

5.  It  is  thus  possible  to  lose  or  reject  a  smaller  amount  of  heat 
in  the  gases  or  condensing  water  finally  expelled. 

Although  it  has  become  possible  to  burn  large  quantities  of 
fuel  per  square  foot  of  grate  surface  per  hour,  by  means  of  the 
use  of  accelerated  draught,  and  to  do  this  with  fairly  good 
results,  comparatively,  as  to  economical  evaporation  per  lb.  of 
fuel  burned,  the  full  advantages  of  forced  combustion  have  not 
yet  been  reaped. 

Defects  of  Ordinary  Systems  of  Forced  Combustion. — The  propor- 
tion of  air  introduced  for  combustion  is  still  a  long  way  in  excess 
of  the  theoretical  quantity,  and  the  fluctuations  of  heat  in  the  fur- 
nace are  not  prevented,  but  in  many  cases  are  increased  in 
frequency.  And  finally  the  strain  thrown  upon  the  manual 
labour  of  stokers  has  been  very  greatly  increased,  and  thereby 
the  effect  of  the  uncertain  human  factor,  or  "personal  equation" 
of  the  stokers  on  the  realisation  of  pre-determined  results  has 
been  intensified.  All  the  drawbacks  experienced  with  the 
system  are  inherent  to  the  use  of  the  ordinary  fire  grates  placed 
inside  the  boilers.  These  inside  grates  also  render  the  applica- 
tion of  mechanical  methods  of  feeding  the  fuel  extremely 
difficult  of  introduction,  and  the  fluctuations  in  temperature  are 
such  that  no  very  good  result  has  been  reached  with '  any 
boiler,  as  yet,  in  the  quantity  of  water  evaporated  per  unit  area 
of  heating  surface. 

External  Combustion  Chambers. — The  introduction  of  external 
combustion  chambers  will  cause  many  of  these  difficulties  to 
disappear  ;  the  coal  can  be  continuously  fed  by  mechanical 
means  and  the  necessity  for  opening  firing  doors  will  be  entirely 
abolished  along  with  the  necessity  for  human  stokers.  As 
nothing  but  a  continual  stream  of  flame  and  hot  gases  need  be 
sent  inside  the  boiler  casing  and  throughout  the  heating  surface, 
the  evaporative  efficiency  of  that  surface  may  be  maintained  con- 
stantly at  its  highest  point,  always  provided  that  the  arrangements 
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for  circulating  the  water  in  contact  with  that  surface  are 
adequate  and  efficient.  Finally  we  have  with  this  method  the 
opportunity  of  applying  combustion  under  increased  pressure, 
the  economic  value  of  which  has  not  been  as  yet  acknowledged, 
nor  have  attempts  been  made  to  utilise  it  in  any  boiler  intro- 
duced hitherto. 

Economy  in  Power. — With  regard  to  the  economy  of  power 
represented  by  methods  of  forced  draught,  the  following  calcu- 
lation from  the  French  of  M.  Minary  was  given  in  **  Fuel  and  its 
Applications "  (pp.  385,  386).  It  is  known  that  gases  expand 
0-367  of  their  volume  for  each  100°  C.  elevation  of  temperature. 
If  we  suppose  the  air  which  fills  a  chimney  suddenly  elevated 
200°  C.  in  temperature,  its  volume  will  become  1  + (0*367x2)  = 
1734.  The  internal  capacity  of  the  chimney  being  con- 
stant, all  the  increase  of  volume  due  to  expansion  escapes 
upwards. 

The  weight  of  a  cubic  metre  of  air,  which  at  0°  C  was  1*293 

kilo.,  becomes  at  200°  C  — 2^=0*745  kilo  ;  it  has  thus  lost  o*«;48 

1734 
kilo,  per  cubic  metre. 

Suppose  a  chimney  of  a  square  metre  in  sectional  area,  and  of 
20  metres  height,  the  diminution  of  pressure  at  the  base  of  the 
chimney  will  be  for  200°  C,  20  times  0*548,  or  10*960  kilos.,  cor- 
responding to  a  column  of  water  001 096  of  a  metre,  or  nearly 
II  millimetres  high,  which  is  the  pressure  at  which  the  air  will  be 
supplied  to  the  fire  or  furnace.  Under  the  influence  of  this 
pressure,  the  expanded  air  will  have  a  velocity  of  escape  equal 
to  i6*94  metres  (equal  to  55*56  feet)  per  second,  after  making 
deduction  for  friction  and  for  resistance  offered  by  the  chimney 
walls  and  by  changes  of  direction  and  of  section. 

This  can  be  conveniently  calculated  in  British  standard 
measurements    as   follows  :     i    cubic    foot    of   air  at   32°   F. 

weighs  0807  lb.;  at  424°  F.  its  weight  becomes    ^  ^^=0046   lb. 

1734 
The  loss  of  weight  is  thus  0761  per  cubic  foot. 

Suppose  a  chimney  of  i  square  foot  in  sectional  area,  and  60 
feet  high,  the  diminution  of  pressure  at  the  base  will  be  for 
424°  F.,  60  X  •0761=4*566  lbs.  per  square  foot,  or  '878  inch  of 
water.  Under  this  pressure,  the  ascensional  velocity  given  by 
D.  K.  Clark  is  as  follows  : — 
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^  __  ^     /  rjfT^         N  when  H  =  height  of  chimney, 

"~     ^       ( "T^~  ^  ]  T'  =  highest  temperature  on 

absolute  scale, 
T  =  lowest  temperature  on 
absolute  scale. 
In  the  above  case  tlie  calculation  is  : — 

v=H  s^'6of^^>  -  i\=8  >/6o(i-8-  i)  =  8  n/48  =56  ft.  per 

^"^^^         ^  second  ncarl}-. 

Taking  for  example  i  kilo,  of  Blanzy  coal,  having  the  com- 
position carbon  765,  disposable  hydrogen  31  per  cent.,  the 
combustion  of  that  quantity  of  this  coal  requires  : — 

Oxygen  2*288  kilos  =  1-597  cubic  metres 

Nitrogen    ...  7660     ,,     =6098     ,,  ,, 


Air 9948     „    =7*^>95     ., 

Calling  that  quantity  of  air  7700  cubic  metres,  the  resulting 
products  of  combustion,  in  escaping  at  200""  C,  carry  off  890 
calories,  or  nearly  jj  part  of  the  heat  produced  by  the  combus- 
tion of  the  coal. 

The  mechanical  work  necessary  to  supply  a  fire  with  7700 
cubic  metres  of  air  at  a  pressure  of  a  water  column  of  11  milli- 
metres high,  which  corresponds  to  lO'ioo  kilos,  per  square 
metre,  will  be  10100x7700=777,  or,  in  round  numbers,  78 
kilogrammetres.  The  mechanical  equivalent  of  i  calorie  being 
nearly  425  kilogrammetres,  we  thus  find  that  the  heat  dispersed 
into  the  atmosphere  bv  the  gases  at  200'^  C.  causes  the  dis- 
appearance of  power  equivalent  to  890  calories  x  425  =  378,250 
kilogrammetres,  in  order  to  produce  a  useful  effect  equal  to  78 
kilogrammetres.  The  relation  of  the  loss  to  the  useful  effect  is 
thus,  theoretically  : — 

378,^50^4,849 

"7«  '  i~  ' 

To  ascertain  the  practical  relation  of  loss  to  useful* ehect,  we 
have  to  allow  for  the  useful  effect  of  steam  engine  and  fan. 
Engines  give  out  onlv  0-055  P^'^'  cent,  of  the  power  which  is 
represented  by  the  heat  possessed  by  the  sleam,  and  the  useful 
effect  of  fans  is  not  more  than  0*10  to  0*20.  The  practical  rela- 
tion which  we  wish  to  establish  will  therefore  be  expressed  by:  — 
4-849  X  0*0055  __2666 
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which  amounts  to  saying  that  to  produce  the  movement  of  air 
in  ftres  by  the  natm-al  draught  of  chimneys,  we  spend  26  times 
as  much  heat  as  we  should  need  to  spend  in  order  to  produce 
the  same  effect  liy  means  of  steam  engines  and  fans. 

In  this  calculation  only  the  theoretical  quantity  of  air  required 
for  combustion  has  been  assumed,  and  it  is  certain  that  if  a 
larger  quantity  were  taken,  the  loss  of  heat  by  chimney  draught 
would  be  much  greater.  Taking  the  example  of  the  Newcastle 
coal,  referred  to  on  page  68,  supplied  with  24  lbs.  air  per  lb.  of 
coal,  the  loss  of  heat  with  waste  gases  at  392  F.  {i.e.,  424"^  — 32'^) 
would  equal  2,323  units  per  lb.  of  coal.  This,  expressed  in 
units  of  power,  means  that  2,323x772  =  1,793,356  foot-lbs.  are 
expended  in  draught  production.  The  actual  mechanical 
energy  which  would  be  required  to  supply  300  cubic  feet  of  air 
at  a  pressure  of  "878  inch  of  water,  or  4566  lbs  per  square  foot, 
amounts  only  to  300x4566  =  1,370  foot-lbs.,  plus  the  amount 
required  to  overcome  friction,  and  to  make  up  for  loss  of 
efhciency  in  engine  and  fan. 

Mr.  James  Howden  (in  Trans.  Inst.  X.A.,  1884)  compared  the 
expenditure  of  power  as  heat  required  for  natural  draught  in  a 
steamer,  the  boilers  of  which  consume  31,200  lbs.  of  coal  per 
hour,  520  lbs.  per  minute  (/.r.,  12,000  I.H.P.  at  26  lbs.  coal  per 
hour  per  I.H.P.),  with  the  power  required  for  mechanical  supply 
of  air  for  boilers  to  provide  the  same  power,  but  consuming 
only  i"61bs.  per  I.H.P.  per  hour  =  19,200  lbs.  per  hour  (320  lbs. 
per  minute).  He  also  supposed  the  air  supply  to  be  15  lbs.  per 
lb.  of  coal  consumed  in  both  cases,  but  assunicii  that  tlic  waste 
gases  with  mechanical  supply  would  have  a  temperature  300  K. 
less  than  those  with  natural  draught.  In  the  lirst  case,  520  x  15 
=7,800  lbs.  weight  of  air  supplied  per  minute  for  combustion, 
the  weight  of  gaseous  products  of  combustion  being  reckoned 
at  8,281  lbs.  This  8,281  x  "246  (specific  heat  of  the  waste 
gases)  x  300°  (excess  of  temperature  rfs  ab()ve)  =  6i  1,137  ^^^^^ 
units,  the  expenditure  of  heat  in   this  case.     The  mechanical 

equivalent   of    this   is  !— 3Z — 71I.=  ia2q6    H.P.     ''  This,    of 

33,000 

course,    supposes    the    total    heat    converted    into    work   and 

expressed  in  H.P.  units.     The  actual  value  of  this  expenditure 

of  heat  is  correctly  stated  in  the  ratio  of  the  economy  of  the 

engines  and  boilers  which,  at  2*6   per   I.H.P.  per  hour  is  very 
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nearly  a  utilisation  of  one-twelfth  of  the  total  heat  of  combustion 
of  coal  of  averaf(e  quality  ;  therefore  14,296  -i-  12  =  1,191  is  the 
actual  H.P.  equivalent  of  the  300"  of  heat  lost  in  maintaining  the 
temperature  of  the  funnel  in  the  natural  draught  boilers." 

In  the  other  case,  320  x  15=4,800  lbs.  of  air  per  minute  would 
be  required  for  combustion.  "  The  volume  required  at  60°,  or 
13  cubic  feet  per  lb.,  is  therefore  4,800  x  13=62,400  cubic  feet. 

"To  supply  this  volume  per  minute  from  three  fans,  each 
having  discharge  orifices  30  inches  diameter,  or  6*25  square  feet 
area,  giving  a  total  area  of  1875  square  feet,  a  velocity  of  5546 
feet  per  second  is  required,  as  1875  x  60  x  55*46=62,400.  The 
H.P.  required  to  supply  this  weight  of  air  at  this  velocity  per 

second   is  found  by  the   usual  formula, HereW=i:; — 

^  '     2g  60 

or  80  lbs.  air  per  second,  and        -v    —  ==3>845  foot-lbs.   per 

second,  and  ^'  "^^=7  H.P.  nearly.      This  7  H.P.  is  the  power 

550 
required   to   supply   the  whole  air   of   combustion   for  12,000 
I.H.P.,   supposing   perfect   efficiency   in  the  fans   and    in   the 
engines  that  drive  them.      Assuming  75  per  cent,  efficiency  in 

the  engines,  and  50  per  cent,  in  the  fans,  wc  have  Z =s 

9*3,  and  ^ ??=i8'6  as  the  gross   H.P.    for  supplying  the 

total  air  of  combustion  to  the   furnaces  mechanically." 

The  relative  economy  in  this  supposed  case  is  as  18*6  is  to 
1,191,  but  of  course  it  would  not  be  in  the  same  proportion  if  a 
smaller  consumption  of  coal  in  the  natural  draught  boilers,  or  a 
less  difference  in  the  final  temperature  of  the  waste  gases,  w^ere 
assumed. 

Rapidity  and  Intensity  0/  Combustion, — The  increased  rapidity 
and  intensity  of  combustion  are  well  illustrated  now  m  the 
numerous  accounts  of  trials  of  boilers  under  "  natural  draught " 
and  under  "  forced  draught"  which  have  been  published. 

Admiralty  System. — The  late  Mr.  Richard  Sennett,  Engineer- 
in-Chief  of  the  Navy,  gave  the  following  results  of  the  Admiralty 
plan  with  closed  stokeliolds,  shown  in  Figs.  38,  39,  40,  in  a 
paper  in  '*  Transactions  of  the  Institute  of  Naval  Architects  in 
1886." 
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I. 

3. 

"- 

4. 

5. 

6. 

7.            8. 

1 
1 

§ 

i 

Indicated 
Hone-Power 

Date. 

1 

•5 
1 

1 

per 

Ship. 

If 

b 

1 

I 

Open  Stokeholds. 

ft. 

tons. 

"Inflexible"       

1878 

60 

8,484 

756 

829 

10-21 

11-22 

"Colossus"        

1883 

64 

7,492 

594 

645 

11-62 

12-61 

"Phaeton"         

1884 

90 

5.588 

462 

546 

10-23 

121 

Forced  Draught. 

"Howe"            

1885 

90 

11,725 

632 

756 

1554 

18-5 

'•  Rodney  "  (9  boilers) 

1885 

90 

9.544 

474 

567 

16-83 

20-1 

"Mersey"          

1885 

no 

6,628 

306 

399 

i6-6i 

21-7 

"Scout"             

1885 

120 

3,370 

174 

207 

1628 

193 

" Trafalgar  "  (estimated)   ... 

... 

135 

12,000 

514 

609 

2000 

233 

Note. — The  weight  of  boiler  given  includes  weight  of  water,  funnel,  uptakes 
fittings,  spare  gear,  etc. 

Mr.  Sennett  remarked  on  these  figures  : — 

By  referring  to  the  seventh  column  of  this  Table,  it  will  be  seen  that 
whilst  in  the  ships  with  natural  draught  only,  about  10^  indicated  horse- 
power was  developed  per  square  foot  of  firegrate,  between  16  and  17  indi- 
cated horse-power  was  obtained  with  moderate  forced  draught,  the  boilers 
being  practically  the  same  in  the  two  cases.  The  steam  blast  ws  used 
throughout  the  trial  of  the  "  Colossus." 

The  grate  area  can  only  be  used  as  a  fair  basis  of  comparison  for  boilers 
similar  in  design  and  construction.  I  have,  therefore ,  in  the  last  column, 
given  the  indicated  horse-power  developed  per  ton  weight  of  t)oiler,  which  s 
the  more  important  feature,  so  far  as  the  naval  architect  is  concerned,  and  we 
see  from  this  column  that  the  effect  of  the  application  of  forced  draught  has, 
been  to  increase  the  power  obtained  from  a  given  weight  of  boilers  in  the 
proportion  roughly  of  20  to  12,  the  engines  and  boilers  being  of  practically 
the  same  description  in  both  cases. 
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In  the  "  Nile  "  and  "  Trafalgar,"  and  other  warships  now  building,  triple 
expansion  engines  will  be  fitted,  worked  with  steam  of  130  lb.  to  140  lb.  pres- 
sure per  square  inch.  From  the  experience  we  have  now  gained  respecting 
the  steam  generating  powers  of  boilers  in  closed  stokeholds  kept  under 
moderate  air  pressure,  and  the  well-known  economical  employment  of  steam 
in  triple-expansion  engines,  we  are  satisfied  that  on  the  full  power  trials  of 
these  vessels  at  least  20  I.H.P.  per  square  foot  of  grate,  and  between  23  and 
24  I.H.P.  per  ton  of  boiler  will  be  realised,  and  this  condition  has  been 
readily  accepted  by  the  engine  contractors  who  have  had  experience  of  the 
working  of  the  system. 

The  two  following  Tables  were  also  given  by  Mr.  Sennett,  and 
furnish  full  details  of  the  machinery  and  of  the  trials  of  the 
various  ships.  From  the  abstract  of  steam  trials,  the  rate  of 
combustion  per  square  foot  of  grate  area  can  be  calculated  in  all 
but  the  second  trial  of  the  "  Rodney,"  and  the  figures  have  been 
added  to  the  Table  as  published  by  Mr.  Sennett.  The  insertion 
of  three  examples  of  vessels  worked  with  open  stokeholds  and 
only  partial  use  of  blast  enables  a  comparison  to  be  made. 
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Howdcn^s  System, — In  Mr.  Howden's  plan,  which  is  illustrated 
in  Figs.  41  and  42,  as  carried  out  in  the  s.s.  '•  New  York  City,"  in 
1884,  the  rate  of  combustion  gave  174  I.H.P.  per  square  foot  of 
grate  area  on  a  consumption  of  coal  equal  to  1*337  lbs.  per 
I.H.P.  hour  in  one  voyage,  and  in  another  voyage  19*6  I.H.P. 
per  square  foot  of  grate  on  a  consumption  of  1*454  lbs.  per 
I.H.P.  hour  with  inferior  coal.  About  6  I.H.P.  were  required 
for  the  fan  engine.  On  a  special  occasion  the  full  power  was 
obtained  (with  steam  blowing  off  at  the  safety  valve)  by  the  use 
of  only  two  furnaces,  which  result  Mr.  Howden*  reckons  is  equal 
to  30  I.H.P.  per  square  foot  of  grate. 

Air  Heater. — The  air  for  combustion  was  heated  directly  by 
the  waste  gases,  in  the  heater  placed  in  the  uptake,  to  an 
average  of  190°  over  the  temperature  of  the  air  supply  from  the 
stokehold.  Mr.  Howden  assumed  18^  lbs.  of  air  as  the  quantity 
used  per  lb.  of  coal,  and  in  that  event  there  were  190  x  18*5  x 
•238=836*57  units  of  heat  recovered  from  the  waste  gases  per 
lb.  of  coal  consumed.  It  is  supposed  that  the  air  is  further 
heated  by  its  passage  over  a  portion  of  the  boiler  front  and 
through  the  furnace  boxes  or  passages,  on  Mr.  Howden's  plan, 
and  there  is  no  doubt  that  a  small  addition  to  the  temperature 
may  thus  be  gained.  It  could,  however,  scarcely  reach  450° 
as  Mr.  Howden  supposes  it  does,  in  the  case  of  a  boiler  carrying 
steam  of  80  lbs.  pressure,  because  the  temperature  of  the  steam, 
and  therefore  of  the  boiler  surfaces  not  exposed  to  the  fire  gases, 
could  not  in  such  a  case  be  above  312°  F.  In  the  s.s. 
"  Indiana,"  and  sister  ships,  having  boilers  with  2,338  square 
feet  of  heating  surface  (or  equal  to  1*63  square  foot  per  I.H.P.), 
and  a  total  grate  area  of  56*5  square  feet,  of  which,  however, 
only  50  square  feet  constituted  the  w^orking  area,  the  rate  of 
working  (as  published  by  Mr.  Howden*)  was  22^  I.H.P.  per 
square  foot  of  total  grate  area,  the  temperature  of  the  waste 
gases,  when  leaving  the  air-heating  tubes,  was  from  420®  to 
450°  F.,  and  the  temperature  of  the  heated  air  was  from  190° 
to  230°  F.     Mr.  Howden  estimates  that  the  temperature  of  the 


*  See  "Trans.  Inst.  N.  A.,"  Vols,  for  1884  and  1886,  on  "  Combustion  of  Fuel 
in  Furnaces  of  Steam  Boilers,"  and  "  On  Forced  Combustion  in  Furnaces  of 
Steam  Boilers,"  by  James  Howden. 

-  ''  Forced  Combustion  in  Steam  Boilers,"  "  Trans.  Internat.  Engineering 
Congress,  Chicago,"  1894,  vol.  ii,,  paper  xlii. 
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air  can  be  further  raised,  by  increased  heating  surface,  to  300° 
or  SSo""  F.,  and  that  the  average  temperature  of  the  furnaces 
when  working  as  above  would  be  400""  higher  than  it  would  be 
in  the  same  boiler,  burning  the  same  quantity  of  coal,  if  fitted 
with  the  closed  stokehold  system  of  forced  combustion  with  cold 
air.  The  air  in  the  "  Indiana  "  was  supplied  by  a  "  Sturtevant ' 
fan  of  54  inches  diameter. 


Seals  I  Inch-1  root 
FIG.  43. 


Closed  Ashpit  System. — The  closed  ashpit  system,  illustrated  in 
Figs.  43  and  44,  has  been  introduced  in  several  forms.  Mr. 
G.  Ferrando's  plan  was  used  in  several  steamers  belonging  to 
Messrs.  Florio  Rubbatino  and  Co.,  of  Genoa,  and  was  found 
satisfactory  for  moderate  rates  of  combustion  at  about  20  lbs.  of 
fuel  per  square  foot  of  grate  surface.  With  higher  rates  of 
combustion  there  was  a  danger  of  the  flame  being  forced 
through   the  furnace   doors,    on  account   of   the   funnel   being 
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unable  to  discharge  the  large  vohime  of  waste  gases.  An 
improved  method  of  distributing  the  air  was  introduced  in  the 
s.s.  **  Marmora/*  by  Mr.  Folhergill,  with  good  results.^  A  recent 
example  of  the  closed  ashpit  system  was  fitted  by  Mr.  D.  J. 
Dunlop*  in  the  steam  yacht  **  Mira,"  in  which  i  H.P.  was 
obtained  from  145  square  feet  of  heating  surface  of  the  boilers, 


FIO.  44. 


and  21-66  H.P.  per  square  foot  of  grate  surface.  The  total 
heating  surface  was  1,317  square  feet,  and  the  grate  area  42 
square  feet.  The  steam  pressure  was  160  lbs.  per  square  inch, 
and  the  total  I. H.P.  907,  the  weight  of  machinery  being  at  the 
rate  of  207  lbs.  per  l.H.P. 

^  See  "Trans.  X.E.   Coast  oi  Engineers  and  vSliipbuilders,   1886,"  Vol.  ii. 
'  Engineerings  i8th  March,  1892,  p.  351. 
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V 

Suction  System. — Ellis  &  Eaves^  Plan, — The  use  of  a  fan  for 
exhausting  the  products  of  combustion,  or  producing  a  partial 
vacuum  at  the  base  of  the  funnel,  has  been  introduced  in  the 
plans  of  Ellis  &  Eaves  and  of  Patterson.     This  system  has  been 

called  "Induced,"  but  more  commonly"  Suction  "  or  "  Exhaust " 
draught. 

In  the  case  of  the  former  of  these  plans  illustrated  in  Figs.  45  and 
46,  with  a  grate  of  5ft.  gin.  long, a  rate  of  combustion  of  30  to  60  lbs. 
per  square  foot  of  grate  surface  has  been  obtained  in  marine 
boilers  of  the  "  Scotch  "  or  cylindrical  kind  on  land,  and  of  26  to 
31^  lbs.  per  square  foot  at  sea  in  the  Atlantic  and  Australian 
merchant  services,  "without  troubles  to  furnaces,  tube  plates, 
tube  ends,  fans  and  fan  engines,  accompanied  by  an  appreciable 
economy  compared  with  the  boilers  of  the  same  size,  with  plain 
tubes  working  with  natural  draught  at  half  the  rate  of  combus- 
tion." In  the  Ellis  &  Eaves'  plan  the  use  of  an  exhaust  fan  is 
combined  with  that  of  the  "  Serve  "  or  internally  ribbed  tube, 
generally  with  a  specially  shaped  retarder  for  the  gases  added 
inside  the  ribs,  and  with  air-heating  tubes  in  the  waste  gases 
carried  to  a  greater  extent  than  in  other  plans. 

Table  XVI 11.^  f^ives  the  principal  dimensions  and  results 
of  working  in  the  case  of  five  steamers  litted  with  this 
plan. 

Mr.  Howden  has  advanced '  some  considerations  to  prove  that 
a  considerable  increase  of  power  is  required  to  drive  fans  on 
this  system,  as  compared  with  his  own  plan  of  delivering  the 
air  for  combustion  at  a  slight  pressure  into  the  furnace  and  ash- 
pit, but  it  is  not  our  province  to  enter  into  this  argument. 
There  is  probably  more  power  required  on  account  of  the  larger 
volume  of  products  to  be  dealt  with  in  given  time,  and  probably 
also  because  a  greater  amount  of  vacuum  is  required  at  the 
smoke-box  end,  on  the  suction  plan,  than  of  pressure  at  the 
furnace  end  of  the  system,  on  the  forcing  plan.  On  the  other 
hand  it  may  be  the  case  that  with  the  suction  plan  a  greater 
velocity  of  movement  of  hot  gases  over  the  heating  surfaces  is 
obtained,  and  this,  if  carefully  utilised,  may  cause  a  better  result 

'  See  Paper  by  J.  I).  Kllis.  Trans.  Inst.  \.  A.  1893.  Also  Paper  by 
F.  Gross.     Trans.  Insl.  X.  A.     1894. 

*  Proceedings  of  the  International  En|*inccrin<j  Congress  at  Chicago.  1893. 
Vol  ii.,  paper  xlii. 
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in  transference  of  heat  from  these  gases  to  the  water.  This, 
however,  cannot  be  dealt  with  here. 

In  Patterson's  plan*  (Fig.  47)  there  is  the  addition  of  a  spray  of 
water  which  is  injected  into  the  fan  for  the  purpose  of  keeping 
it  cool,  to  prevent  danger  of  warping,  and  to  protect  tlie 
mechanism  generally.  Beyond  the  results  given  by  Mr.  Paul  iii 
his  paper,  however,  there  does  not  seem  to  have  been  much 
done  as  yet  with  this  plan. 

Mr.  Paul  has  recorded  a  cousumption  of  coal  in  a  return- 
tubular  boiler  at  Levenford  Works,  Dumbarton,  equal  to  60  lbs. 
per  square  foot  of  grate  per  hour,  with  an  evaporation  of  islbs.  of 
water  per  square  foot  of  heating  surface  in  the  same  time,  and 


4 

1 

i 

1 

—  FllJ.  47. 

this  is  a  very  good  result.  It  seems,  however,  to  have  been  sur- 
passed in  the  case  of  some  of  the  Niclausse  boilers  in  vessels  of 
the  French  navy,  in  which  the  consumption  of  80  lbs.  per  square 
foot  of  grate  surface  per  hour  has  been  recorded.' 

Thornycrofi  Boiler. — The  Table,  at  p.  552,  Chap.  IX.,  gives 
some  results  of  trials  of  Thornycroft's  water  -  tube  boiler, 
with  natural  draught  and  with  moderate  air  pressure  in  closed 
stokeholds,  taken  from  Professor  Kennedy's  report,  which  accom- 
panied Mr.  Thornycroft's  paper'  on  this  subject.  The  follow- 
ing details  are  abstracted  from  the  report  referred  to  : — 

>  See  "  On  Suction  Draught,"  by  Matthew  Paul,  Trans.  Inst.  Eng.  and  Ship- 
builders in  Scotland.    Vol.  xl. 

»See  Engineenngj  Jan.  i.,  1897,.  p.  11.  "  Mcmoires  et  Compte  Rendu  des 
travaux  de  la  Soc.  des  Ingen.  Civils  de  France."    Jan.,  1898.    pp.  54-69. 

>  Min.  Proc.  Inst.  C.E.,  Vol.  xcix.     1890. 
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Table  XIX. 


A. 

D. 

c. 

B. 

E. 

Atmospheric  pressure      

(14-80    lbs. 
1  per.  sq.  in. 

}  1455  lbs. 

14  80  lbs. 

14-84  lbs. 

14-45  lbs. 

Boiler  pressure      

fi86o    lbs. 
\persq.  in. 

}    i8r8o 

171-20  lbs. 

149-40  lbs. 

i8o-5  lbs. 

Air  pressure  in  stokehold  above 
atmosphere    

\     000 

000 

027  in. 

049  in. 

200  ins. 

Air   temperature    in    stokehold 
above  atmosphere 

}    - 

69.30  Fah. 

71-4°  F. 

60-3°  F. 

621°  F. 

Coal  burnt  per  hour        

3340  lbs. 

203  3  lbs. 

5590  lbs. 

894-0  lbs. 

r,75rolbs. 

Area  of  fire  grate 

30  sq.ft. 

262  sq.  ft. 

30  sq.  ft. 

30  sq.  ft. 

26  2  sq.  ft. 

Coal  burnt  per  sq.  ft.  of  fire  grate 
per  hour          

i   iriolbs. 

774  lbs. 

18  60  lbs. 

2980  lbs. 

r)6  80  lbs. 

Feed  temperature 

784°  F. 

76-3°  F. 

78  00  F. 

838°  F. 

111-2°  F. 

Water  evaporated  per  lb.  fuel 

— 

11-22  lbs. 

10-48  lbs. 

10-20  lbs. 

8  89  lbs. 

Equivalent  evaporation  from  and 
at  212°  Faht 

}   - 

13-40  lbs. 

12  48  lbs. 

12-00  lbs. 

10-29  in. 

Temperature  of  gases  in  chimney 

474°  F. 

421°  F. 

540°  F. 

610°  F. 

777°  F. 

Air  pressure  in  chimney [       ooo 

000 

+  0-03  in. 

+  0-12  in. 

\-  o-4b  in. 

Total  heating  surface     

1.837  sq.ft. 

1,837  sq.  ft. 

i,P37  sq.  ft. 

1,837  sq.  ft. 

1.837  sq.ft. 

Ratio  of  heating  surface  to  grate 

61-2 

70-1 

612. 

612 

701 

Water   evaporated    per   sq.    ft. 

1  - 

heating  surface  per  hour    ... 

1-24  lbs. 

3  20  lbs. 

4-70  lbs. 

8  50  lbs. 

Mean  rate  of  heat  transmission 
per   sq.  ft.  heating   surface 
per  hour          

}- 

/  238  heat 
I     units. 

1  Cio  heat 
^     units. 

89  heat 
units. 

158  heat 
units. 

•  Efficiency  of  boiler      — 

86  8  t 

814  JT 

78-2  f 

66  6  ji: 

Lbs.  coal  per  l.H.P.  per  hour    ...    2220  lbs.        2280  lbs. 

1-981  lbs. 

1-990  lbs. 

2-260  lbs. 

*  The  boiler  efficiency  is  expressed  in  ternn  of  the  ratio  between  the  actual  evaporation  and 
thnf  theoretically  due  to  the  fuel  calculated  from  analysis  in  the  usual  way. 

Locomotive  Results. — In  the  case  of  locomotive  engines,  with 
steam  blast  pipe  in  the  chimney  producing  a  powerful  induced 
draught,  a  vacuum  of  seven  to  eighteen  inches  water  column  has, 
iaccording  to  Mr.  J.  A.  F.  Aspinall,'  been  produced  at  the  chimney 
end,  three  to  seven  inches  in  the  smoke-box,  and  one  to  three  inches 
over  the  brick  arch  in  the  lire-box.  The  mean  of  several  trials 
registered  a  coal  consumption  of  60  lbs.  per  square  foot  of  grate 
surface  per  hour,  with  a  vacuum  of  three  inches  in  the  smoke- 
box,  which  corresponds  with  about  one  inch  in  the  lire-box. 
An  express  locomotive,  it  has  been  said,  burns,  on  an  average, 
100  lbs.  of  coal  per  square  foot  per  hour.  In  general,  the  rate 
of  combustion  with  forced  draught  seems  to  vary  directly  as  the 

*  "  Draught  in  Locomotive  Boilers,"  by  J.  A.  F.  Aspinall,  Proc.  Inst.  Mech. 
Engineers.    1893. 
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square  root  of  the  air  gauge  height,  whether  plenum  or  vacuum. 
Mr.  M.  Paul  remarks,  in  the  paper  already  referred  to,  that 
applying  this  rule  to  Mr.  Aspinall's  results,  "  it  is  found  that 
with  a  vacuum  of  three  inches  in  the  fire-box,  the  coal  will  be 
burned  at  the  rate  of  60  x  s/3=ioslbs.  per  square  foot  of  grate 
per  hour,  and  this  is  confirmed  by  various  authorities  as  a 
common  performance  in  locomotive  boilers.'*  Mr.  Paul  adds, 
**  With  forced  draught,  a  plenum  of  three  inches  is  required  for 
a  coal  consumption  of  6olbs.  per  square  foot  of  grate  per  hour, 
and  for  io5lbs.  per  square  foot  of  grate  a  plenum  of  nine  inches 
would  be  required,  but  this  has  not  yet  been  reached." 
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Air  Pressure. — Re^i^arding  the  amount  of  air  pressure  to  be 
permitted  in  marine  boilers,  Mr.  A.  F.  Yarrow*  made  the  follow- 
ing remarks  :  *'  In  the  passage  of  the  air  from  the  stokehold  to 
the  funnel,  the  greater  part  of  the  resistance  to  be  overcome  in 
most  cases  is  due  to  forcing  the  air  through  the  tubes  ;  conse- 
quently, if  a  contractor  be  limited  to  a  given  amount  of  air 
pressure,  the  only  means  he  has  to  meet  this  condition  without 
extra  weight  is  by  augmenting  the  diameter  of  the  tubes,  or 
reducing  tlieir  length,  thus  producing  rigidity,  which  I  have 
already  pointed  out  is  bad.  Because  a  certain  boiler  does  not 
stand  a  given  air  pressure  without  the  tubes  leaking  only  proves 
that  this  air  pressure  is  too  nuich  for  that  boiler,  but  does  not 
prove  that  it  is  too  much  for  every  lioiler,  especially  in  view  of 


'  Trans.  Inst.  N.A.,  vol.  x.\xii.,  p.  105. 
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the  fact  that  locomotives  are  working  all  over  the  world  at  air 
pressures  varying  from  three  to  eight  inches. 

"  Fig.  48  shows  the  vacuum  in  the  smoke-box  of  a  Midland 
engine.  This  has  been  kindly  given  me  by  Mr.  Johnson.  In 
confirmation  of  the  high  air  pressure  used  on  locomotives,  I 
quote  the  following  statement  of  a  locomotive  superintendent 
of  one  of  our  local  lines  :  *  We  do  not  consider,  from  our  ex- 
periments, that  a  vacuum  of  eight  inches  in  a  smoke-box  is  any- 
thing exceptional,  but  should  expect  it  when  working  full  power, 
either  going  up  a  bank  or  drawing  a  heavy  train  on  a  level.  In 
addition  to  the  vacuum  in  the  smoke  box  we  register  a  pressure 
of  air  in  the  front  of  the  ash  pan,  due  to  the  speed  of  the 
train,  of  two  inches  of  water,  making  a  total  pressure  of  ten 
inches.^  With  these  facts  before  us  there  ought  to  be  no 
condition  imposed  upon  the  marine  engineer  limiting  the  air 
pressure." 

Kemp^s  Feed  Heater. — Before  passing  on  to  consider  possible 
methods  of  improving  the  combustion  in  boilers,  it  is  necessary 
to  refer  to  the  results  obtained  by  the  late  Mr.  E.  Kemp  in  the 
application  of  feed-water  heaters,  wrought  by  means  of  heat  in 
the  waste  gases,  to  marine  boilers.  He  first  commenced  with  a 
heater  (Fig.  49)  having  a  small  proportion  (about  3^  per  cent.) 
of  heating  surface  relatively  to  that  of  the  boiler,  but  latterly  had 
heaters  (Figs.  50, 51)  having  over  twice  the  boiler-heating  surface, 
a  distinct  gain  in  temperature  of  the  feed-water  accompanying 
these  additions  to  the  surface  of  the  heaters. 

The  system  was  tried  with  natural  chimney  draught  (Fig.  49) 
and  with  forced  draught  on  both  the  suction  (Fig.  50)  and  the 
closed  ashpit  (Fig.  51)  plans.  The  following  Tables  ind  Figs, 
give  the  particulars  of  the  various  vessels  fitted  and  the  re- 
sulting temperatures  of  feed  water  and  of  waste  gases. 
Additional  details  will  be  found  in  Mr.  Kemp's  paper,  "  On  Com- 
pound Marine  Boilers."  * 

All  the  vessels  named  in  Table  i  had  the  arrangement  of 
apparatus  shown  in  Fig.  49,  with,  however,  an  increase  of  surface 
in  each  succeeding  case.  The  s.s.  "  Bleville  "  was  fitted  with  the 
arrangement  shown  in  Fig.  50,  and  the  s.s.  "Caloric'  with  that 
.shown  in  Fig.  51. 

*  Trans.  Inst.  En^.  and  Shipbuilders,  Vol.  .x.Kxii.,  p.  201. 
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Table  XX. 


PARTICULARS  OF  MARINE  BOILERS  AND  FEED  HEATERS. 
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PARTICULARS  OF  COMPOUND 
HIGH  AND  LOW  TEMPERATURE  MARINE  BOILERS. 
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Comparison  of  Air  ami  Feed-heaters. — In  discussing  Mr.  Kemp^s 
results,  Mr.  Howden  instituted  a  comparison  between  the  feed- 
heater  of  the  **  Caloric  "  and  the  air  heater  which  he  had  intro- 
duced into  the  *'  New  York  City/^  in  order  to  prove  that  the 
heat-absorbing  power  of  air  is  superior  to  that  of  water.  The 
same  view  had  already  been  expressed  by  Mr.  Howden  in  his 


MtkJLH 
E70*- 


MmmMi 


FIG.   51. 

paper  on  "  Forced  Combustion  in  Furnaces  of  Steam  Boilers  *' 
(Trans.  I.N.A.,  1886),  in  which  he  criticised  some  remarks  made 
by  Mr.  J.  T.  Milton  in  his  previous  paper  '*  On  the  Efficiency  of 
Marine  Boilers"  (Trans.  I.N.A.,  1885).  Mr.  Howden  said* 
"  the  boiler  of  the  *  New  York  City '  had  a  total  heating  surface 
of  1,597  square  feet,  that  of  the  *  Caloric  ^  being  1,613  square 
feet.      Taking  the  coal   consumed  in  the  *  Caloric  *  as  9J  tons 


Trans.  Inst.  Eng.  and  Shipbuilders  in  Scotland,  Vol.  xxxii.,  p.  213. 
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per  day,  as  stated  by  Mr.  Kemp,  or  863^  lbs.  per  hour,  and  if  for 
simplicity  of  calculation,  the  evaporation  of  water  was  taken  at 
lolbs.  per  lb.  of  coal,  there  were  therefore  8,633  lbs.  of  feed 
water  passing  through  the  heaters  per  hour.  The  dimensions  of 
these  feed  heaters,  as  given  by  Mr.  Kemp,  after  deducting  the 
space  occupied  by  the  118  tubes  in  each  heating  vessel,  left  a 
capacity  for  5,256  lbs.  of  water  in  each,  and  as  8,633  lbs.  of  feed 
water  were  supplied  per  hour,  the  time  taken  in  passing  through 
one  feed-heating  vessel  was  therefore  36^  minutes,  and  2  hours 
26  minutes  in  passing  through  the  four  heating  vessels.  In  the 
boiler  of  the  ^  New  York  City  '  the  air-heating  chamber,  through 
which  the  whole  air  for  combustion  passed,  had  a  total  heating 
surface  of  225  square  feet,  and  the  capacity  of  the  chamber  was 
i6*8  cubic  feet.  The  coal  consumed  on  the  trial,  at  which  he 
was  present  and  ascertained  the  results, was  1,030  lbs.  per  hour; 
and  as  20  lbs.  of  air  were  used  for  combustion  per  lb.  of  coal 
consumed,  the  total  weight  of  air  passing  through  the  heater  per 
hour  was  20,600  lbs.  The  temperature  of  the  air  on  entering 
the  heater  was  70°,  and  on  leaving  250°,  so  that  the  air  was 
raised  180°  in  temperature  in  passing  through  the  heater.  The 
volume  of  air  entering  the  heater  was  accordingly  134  cubic  feet 
per  lb.,  and  on  leaving  17-86  cubic  feet  per  lb.  As  20,600  lbs.  of 
air  passed  through  the  heater  per  hour,  575  lbs.,  or  8625  cubic 
feet  passed  through  per  second  ;  and  as  the  total  capacity  of  the 
air-heating  chamber  was  168  cubic  feet,  it  followed  that  the  air- 
cheating  chamber  was  replenished  5*13  times  every  second,  so 
that  each  particle  of  air  was  less  than  J  of  a  second  in  contact 
with  the  heating  surface  in  passing  through  the  heater.  This 
gave,  so  far,  the  means  of  comparing  the  relative  absorbent 
powers  of  air  and  water.  In  the  '  Caloric  ^  there  wxre  8,633  lbs. 
of  water  raised  140°  in  temperature  per  hour  by  contact  with 
3,505  square  feet  of  heating  surface,  but  each  particle  of  water 
had  been  in  contact  with  or  under  the  effect  of  the  heating  sur- 
face for  2  hours  26  minutes,  while  in  the  air-heater  of  the  *  New 
York  City*  20,600  lbs.  of  air  per  hour  had  been  raised  180°  by 
contact  with  only  225  square  feet  of  heating  surface,  but  where 
each  particle  had  also  only  been  in  contact  with  the  heating  sur- 
face 194  of  a  second.  Putting  aside,  meanwhile,  the  time  the 
air  had  been  in  the  one  case  and  the  water  in  the  other,  under 
the  heating  power  in   their   respective   apparatus,    and  taking 
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the  values  of  the  specific  heat  of  the  8,633  ^^s.  of  water 
raised  140°  per  hour  in  the  '  Caloric/  and  of  the  20,600  lbs.  of 
air  raised  180°  per  hour  in  the  *  New  York  City/  their  relative 
values  are  water  i,  and  air  7178.  The  air  was,  however,  in- 
creased in  temperature  by  contact  with  only  ^V  o^  t^c  heating 
surface  with  which  the  water  had  been  in  contact,  so  that  the 
air  had  absorbed  11*4  times  more  heat  in  the  case  of  the  *  New 
York  City  *  than  the  water  had  in  the  *  Caloric  *  for  equal  areas 
of  heating  surface." 

Such  a  comparison  is,  however,  quite  illusory,  because  of  the 
enormous  difference  in  the  rates  of  movement  of  the  particles, 
these  being,  according  to  Mr.   Howden*s  figures,  as  i  for  the 
water  to  about  40,000  for  the  air.     Mr.  Howden  evidently  felt 
that  it  was  not  wholly  satisfactory,  as  he  added,  that  to  test "  the 
superior  heat-absorbent  powers  of  air  over  water  "  fairly,  "  equal 
weights  of  each  should  pass  over  equal  surfaces  under  the  same 
temperature  in  equal  times."    But  even  this  would  be  misleading. 
Heat  Absorbing  Powers  of  Air  and  Water. — The  specific  heats 
of  water  and  air  for  equal  weights,  as  determined  by  Regnault, 
are  water"  100,  air  02374,  so  that  the  quantity  of  heat  which 
would  raise  i  lb.  of  air  i  degree,  would  raise  i  lb.  of  water  only 
02374°,  or,  in  other  words,  water  requires  about  four  times  the 
quantity  of  heat  to  raise  its  temperature  that  is  required  by  the 
same  weight  of  air.     Nevertheless,  it  does  not  follow  that  air  is 
necessarily  raised  in  temperature  more  rapidly  than  water.  Both 
are  bad  conductors,  but  still  air  is  undoubtedly  a  much  worse 
conductor  of  heat  than  still  water.     As  in  the  case  of  all  fluids, 
except  perhaps  mercury-,  heat  is  conducted  through  them  almost 
wholly  by  convection,  and  freedom  of  movement  is  vital  to  con- 
vection.      Where   a   comparison   between   the   heat-absorbing 
pow'ers  of  two  fluids  can  be  made  is  when  both  are  outwardly 
quiescent,  for  then  the  speed  of  the  action  is  dependent  on  the 
spontaneous  or  unassisted  movement  of  their  particles.*     If  the 
view  that  air  is  superior  to  wgter  as   a  heat-absorbent  were 
correct,  air,  instead  of  water,  should  be  used  as  the  circulating 
medium  in  surface  condensers.  But  the  largely  increased  surface 
required  in  air  condensers,  as  compared  with  water  condensers, 
bears  witness  to  the  relative  values  of  the  two  as  heat  absorbers. 

*  See  also  C.  Wye  Williams  on  "  The  Combustion  of  Coal,  etc.,"  pp.  164,  165. 
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In  his  experiments  with  air  condensers,  the  late  Mr.  Thos. 
Craddock  found  that  hot  water  in  a  metal  tube,  when  immersed 
in  still  air,  took  twenty-five  minutes  to  cool  from  i8o°  F.  to 
100°  F.,  whilst  in  still  water  the  same  amount  of  cooling  took 
place  in  one  minute.  When  the  tube  was  moved  in  the  water  at 
the  rate  of  3  feet  per  second,  the  rate  of  cooling  was  doubled,  or 
half  a  minute  sufficed  for  the  loss  of  80°.  When,  however,  the 
tube  was  moved  at  the  rate  of  59  feet  per  second  in  air,  the  rate 
of  cooling  was  12  times  that  of  still  air,  but  was  even  then  only 
about  half  the  rate  in  still  water. 

In  such  vessels  as  the  feed-heaters  there  is  no  large  volume  of 
water  whose  particles .  are  free  to  move  and  set  up  convection 
currents  in  the  mass,  and  consequently  rapid  movement  from  an 
extraneous  source  must  be  provided  to  take  the  place  of  natural 
convection.  In  the  case  of  Mr.  Kemp^s  feed-heaters  this  motion 
of  the  water  was  undoubtedly  too  slow  for  an  economic  result, 
but  if  the  suitable  rate  of  movement  for  maximum  result  with 
water  were  attained  in  them,  it  is  probable  that  for  an  equal  result, 
air  would  require  to  have  a  velocity  at  least  200  or  300  times 
as  great.  In  the  article  "  Heat "  in  **  Encyclopaedia  Britannica," 
9th  edition.  Sir  Wm.  Thomson  gave  the  thermal  conductivity  of 
iron  at  80  times,  and  that  of  copper  at  500  times,  that  of  water  ; 
and  compared  with  air,  he  said  that  the  conductivity  of  iron  was 
3,500  times,  and  that  of  copper  20,000  times,  that  of  air — so  that 
the  thermal  conductivity  of  water  is  over  40  times  that  of  air. 

Improved  Methods  of  Combustion. — In  order  to  effect  improve- 
ment in  the  combustion  department  of  marine  and  other  boilers, 
attention  must  be  given  to  the  means  for  diminishing  labour,  for 
utilising  the  lower  qualities  of  fuel,  and  for  increasing  the 
intensity  of  combustion.  The  conditions  of  work  on  board  ship 
militate  against  the  adoption  of  mechanical  stoking  arrangements 
such  as  are  applied  to  the  ordinary  furnace  grates  on  land. 
Moreover,  there  are  strong  reasons  why  such  grates  should  be 
abolished.  Putting  aside  mechanical  stokers,  we  have  the  choice 
of  firing  with  gas,  firing  with  coal  dust,  or  using  external  firing 
chambers  with  mechanical  feeding.     For  gas-firing,*  the  intro- 

*  For  gas-firing  with  boilers  on  land,  see  D.  K.  Clark,  "  The  Steam  Engine," 
Vol.  i.,  p.  346  ;  Mills  and  Kowan  "  On  Fuel,  etc,"  ;  Groves  and  Thorp's 
Technology,  Vol.  i.,  pp.  535-582  ;  "  Gas-Fired  Boilers,"  Trans.  Mining  Inst, 
of  Scotland,  Vol.  xi.,  1889. 
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duction  of  gas  producers  on  board  ship  is  beset  with  difficulties, 
and  the  additional  weight  which  they  import  into  the  machinery 
department  is  itself  a  strong  argument  against  them.  Apart 
from  the  use  of  gas  producers,  there  is  little  chance  of  obtaining 
economical  firing  w-ith  gas,  unless  a  really  efficient  method  of 
quickly  gasifying  crude  oils  were  worked  out.  The  use  of 
liquid  fuel,  by  means  of  the  ordinary  arrangements  for  burning 
it  in  the  form  of  spray,  seems  to  be  hopeless  of  any  satisfactory 
prospect.  As  so  used,  twice  the  calorific  value  of  good  coal 
is  scarcely  eVer  reached,  whilst  the  comparative  cost  of  the 
fuel,  at  even  that  rate,  quickly  causes  any  monetary  benefit  to 
vanish. 

Dust  Fuel. — The  use  of  powdered  coal  is  more  promising, 
especially  in  the  forms  introduced  by  Wegener,  Schwartzkopf, 
Ruhl,  De  Camp,  or  Friedeberg,  in  Germany,  which  are  modifica- 
tions of  the  plan  originally  tried  by  Crampton.  These  plans  are 
illustrated  in  the  published  Transactions  of  the  Federated 
Institute  of  Mining  Engineers,  Vol.  xi.,  PI.  i8,  those  of  De  Camp 
and  Friedeberg  being  combined  with  an  air-blast  produced  by 
a  fan.  A  full  description  of  them  will  be  found  in  a  paper  by 
Mr.  Bryan  Donkin,  Member  of  the  Institute  of  Civil  Engineers, 
in  the  Transactions  of  the  Federated  Institute  of  Mining 
Engineers,  Vol.  xi.,  p.  321.  Refer  also  to  Engineering  New 
(New  York),  Vol.  xlv.,  pp.  452,  453.  They  undoubtedly  providi; 
methods  of  complete  and  rapid  combustion,  without  much  exces  j 
of  air,  and  without  cooling  of  the  boiler  by  frequent  opening  ot 
furnace  doors,  but  have  drawbacks  due  to  the  necessity  for  the 
presence  of  coal-crushing  machinery  to  grind  the  coal  as  it  is 
used — as  coal  dust  cannot,  with  safety  and  economy,  be  stored  in 
bulk  in  the  coal  bunkers  of  steamships — and  to  the  fact  that  all 
the  ash  of  the  coal  is  blown  into  the  boiler  furnace  or  casing, 
from  which  its  removal  must  be  attended  with  very  great 
difficulty. 

Externhl  Firing  Chambers. — The  use  of  external  firing  chambers 
has  so  much  to  recommend  it  that  the  only  wonder  is  that  they 
have  not  long  ago  been  adopted.  It  is  possible  to  use  small  coal 
or  slack  in  them,  and  the  fuel  can  be  fed  continuously  by 
mechanical  means  of  the  simplest  kind.  The  air,  as  well  as  the 
coal,  is  mechanically  supplied,  and  there  is  no  necessity  for 
opening  charging  doors,  so  that  the  great  causes  of  fluctuations  in 
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temperature  at  the  boiler  surfaces  are  abolished,  with  the  heavy 
labour  of  hand  stoking. 


A  plan  which  was  proposed  by  the  author  in   1876  is  shown 
in    Figs.   52,    53.      This    combustion   chamber  was   somewhat 
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similar  in  design  to  one  invented  by  Herr  C.  Wittenstrom,  of 
Stockholm,  for  the  reheating  furnaces  of  forges,  and  which 
acted  fairly  well  when  properly  supplied  with  fuel. 

Another  plan,  proposed  by  Captain  Hamilton  Geary  in  1887,  is 
shown  in  Fig.  54  (A  and  B).  This  furnace  was  devised  principally 
for  using  anthracite  in  steam  boilers,  and  succeeded  well  in  the 
trials  carried  out  in  1877  by  Captain  Geary. 


^11 J  11  H  !HHi. 


VIC.  54  (a  axi>  1$) 

Although  the  advantages  of  an  external  hring-chamber  for 
land  boilers,*  as  regards  completeness  of  combustion  and  absence 
of  smoke,  had  long  been  known,  nothing  was  done  with  these 
plans,  and  the  system  has  still  to  be  advocated  as  something  new 
and  as  yet  foreign  to  general  practice,  but  certain  in  time  to 
become  necessary  to  the  proper  working  of  boilers. 

Combustion  under  Increased  Pressure. — The  further  step  which 
must  ultimately  be  taken  in  this  department  of  the  subject  is 

»  See  Mills  and  Rowan  "  On  Fuel,  etc.,"  pp.  513,  575-583. 
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that  of  conducting  the  combustion  under  considerable  pressure. 
The  pressures  hitherto  reached  with  the  systems  of  forced  or 
accelerated  draught  in  use  do  not  amount  to  more  than  3  inches 
of  water  column  in  marine  boilers  and  8  to  10  inches  in 
locomotive  boilers,  but  these  are  a  long  way  short  of  what  will 
be  required  in  the  system  here  advocated.  The  rationale  of 
combustion  under  increased  pressure  should  be  readily  under- 
stood. 

It  was  proved  years  ago,  by  Poisson  and  Laplace,  that  the 
specific  heat  of  a  gas  maintained  at  constant  volume  is  less  than 
that  of  the  same  gas  maintained  at  constant  pressure,  the  differ- 
ence between  the  two  being  caused  by  the  quantity  of  heat 
which  is  rendered  latent  by  the  expansion  of  the  gas.  In  other 
words,  if  a  given  weight  of  any  gas  is  allowed  to  expand  freely 
whilst  it  is  being  heated,  a  greater  amount  of  heat  is  necessary 
^o  raise  its  temperature  a  given  number  of  degrees  than  would 
be  required  for  the  same  rise  of  temperature  where  the  gas  is 
maintained  at  a  constant  volume.  It  is  clearly  seen,  that  if  a 
given  volume  of  a  gas  which  has  been  compressed  or  heated 
under  any  given  pressure  is  allowed  to  expand  to  a  lower 
pressure,  its  temperature  will  fall,  and  that  a  corresponding  rise 
of  temperature  must  accompany  the  opposite  action. 

The  vjiriation  of  the  temperature  of  air  under  these  conditions 
has  been  expressed  by  following  formula  : — 

T=  j(/  + 461-2)  X  (?)"■"} -461 

where 

/  =  the  temperature  of  the  air  in  degrees  F.  at  the  pressure  p 
T  =  P 

The  pressures  P  and  p  are  measured  above  a  vacuum  and  may 
be  expressed  either  in  atmospheres,  lbs.  per  square  inch,  or  any 
convenient  unit  of   measurement.      The    ^'•^^th     power   of  the 

p 
fraction    -  may  be  obtained  by  the  use  of  logarithms.      The 

specific  heat  of  air  when  maintained  at  constant  volume  (i.<r., 
with  pressure  increasing)  is  0*169  ;  and  when  maintained  at 
constant  pressure  (i.t\,  with  vohime  free  to  increase),  0*238,  as 
compared  with  water  as  i*o.  Thus  i  lb.  of  air  in  expanding  to 
the  extent  corresponding  to  a  rise  of  temperature  of  1°  P., 
absorbs,  or  renders  latent,  0-238— o*i69=o-o69  of  a  unit  of  heat. 


)I*2 
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When  air  is  compressed,  a  sensible  rise  of  temperature  is 
noticed,  which  is  due  to  the  heat  which  has  been  employed 
in  maintaining  it  in  an  expanded  state  becoming  sensible.  "In 
carrying  on  combustion  under  pressure  the  products  are  not  first 
allowed  to  expand  and  then  become  heated  by  compression,  but 
they  are  prevented  from  expanding  as  they  would  under  ordinary 
circumstances,  and,  as  far  as  effects  go,  the  results  are  the  same 
as  if  they  were  compressed.  In  other  words,  the  temperature  to 
be  expected  in  a  furnace  working  at  a  pressure  of  two  atmos- 
pheres will  be  the  same  as  if  the  products  obtained  by  combustion 
under  ordinary  atmospheric  pressure  were,  before  becoming 
cooled,  compressed  to  one  half  their  volume."  This  rise  of 
temperature  may  be  calculated  by  the  formula  already  given, 
taking  for  instance  the  temperature  of  the  products  resulting 
from  combustion  under  atmospheric  pressure  at  2700°  F.  above 
the  normal  temperature  of  the  air  and  fuel,  which  may  be 
assumed  at  60°  F.  The  temperature  of  the  products  will  in  that 
case  be  2760°  F.,  and  assuming,  as  we  may  without  sensible 
error,  that  the  formula  for  air  is  applicable  to  these  gaseous 
products  of  combustion,  the  effect  of  conducting  the  combustion 
at  a  pressure  of  two  atmospheres  will  be  : — 

T  =  I  (2760  +  461-2)  X  f-Y  \  -  461-2 

=  (3221-2  X  1*222)  —  461-2  =  347S'i° 
or  a  temperature  715°  higher  than  that  obtained  from  combustion 
carried  on  at  atmospheric  pressure. 

By  increasing  the  pressure  to  three  atmospheres,  a  similar 
calculation  will  show  that  a  further  increase  of  temperature 
amounting  to  493°  may  be  expected. 

A  corroboration  of  the  main  facts  here  indicated  will  be  found 
in  the  results  of  Regnault's  investigations  of  the  specific  heats  of 
gases,  a  resume  of  which  is  given,  under  **  Heat,"  in  Watts' 
"  Dictionary  of  Chemistr}-,"  Vol.  iii.,  pp.  24-52  ;  81-136. 

The  effect  of  pressure  in  increasing  the  temperature  of 
combustion  has  been  illustrated  in  numerous  experiments  by 
Frankland,*  who  found  that  many  flames  which  are  non- 
luminous   at   ordinary  atmospheric   pressure  become  luminous 

1  See  "  Experimental  Researches  "  ;  also  Jour.  Chern.  Soc,  Vol.  xvii.  (1864), 
pp.  52-55  ;  Brit.  Assocn.  Reports,  Vol.  xxxviii.,  p.  37  ;  Proc.  Royal  Soc,  Vol. 
xvi.  (i86«) ;  Phil.  Mag.,  Vol.  xxxvi.  (1868),  pp.  309-311". 
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when  exposed  to  considerable  pressure.  So  general  was  this 
result  found  to  be  that  Frankland  deduced  from  it  the  principle 
that  the  luminosity  of  flames  depends  chiefly  upon  the  density  of 
the  vapours  formed  by  the  chemical  action  of  combustion,  the 
temperature  being  affected  in  proportion.  Further  illustration 
of  the  subject  is  found  in  the  high-pressure  furnaces  introduced 
experimentally  in  1869  by  Sir  (then  Mr.)  Henry  Bessemer, 
accounts  of  which  will  be  found  in  Engineerings  Vol.  viii.  (1869), 
pp.  197,  261,  and  in  Proceedings  of  the  Cleveland  Institution  of 
Engineers,  9th  February,  187 1,  in  a  paper  by  Mr.  W.  H..Maw, 
from  which  some  of  the  foregoing  facts  and  arguments  have 
been  borrowed.  Theoretically  a  limit  is  imposed  upon  the 
realisation  of  high  temperatures  of  combustion  by  dissociation, 
but  where  heat  is  rapidly  and  continuously  abstracted  from 
flame,  as  is  the  case  in  steiuii  boiler  furnaces,  it  is  very  unlikely 
that  the  dissociation  temperature  of  carbon  dioxide  could  be 
maintained,  if  ever  reached.  Moreover,  Bunsen's  researches 
long  ago  showed  that  where  oxygen  is  mixed  with  an  inert  gas, 
such  as  nitrogen,  as  is  the  case  in  atmospheric  air,  even  where  no 
excess  of  air  is  employed  in  combustion,  such  dilution  lowers  the 
possible  temperature  of  combustion  (as  compared  with  what  is 
possible  with  pure  oxygen),  so  that  a  larger  proportion  of  the 
combustible  gas  can  enter  into  combination  with  oxygen  on 
account  of  the  action  of  dissociation  being  delayed.  Bunsen 
showed  also,  that  by  successive  undulations  of  temperature  over 
a  comparatively  short  range,  successive  quantities  of  gas  enter 
into  combustion,  producing  flame,  and  that  thus  a  temperature 
very  little  short  of  the  dissociation  point  can  be  maintained.  On 
this  subject  there  are  some  particulars  in  Mills  and  Rowan 
"  On  Fuel  and  its  Applications."  (Vol.  i.  of  Groves  and 
Thorp's  Chemical  Technology-,  pp.  366-368.  See  also  "On 
Flame,"  Journal  Society  Chemical  Industry,  30th  March,  1889.) 
In  applying  the  method  of  combustion  under  high  pressure 
to  water-tube  boilers  it  will,  of  course,  be  necessary  to  construct 
pressure-proof  casings,  but  this  does  not  offer  any  serious 
difficulty.  In  fact,  this  casing  might  form  a  feed-water  heater. 
It  would  be  desirable,  also,  to  have  an  index  of  the  amount  of 
pressure  existing  in  the  combustion  chamber  from  time  to  time, 

'  See  also  Engitu'critig,  Vol.  xi.,  p.  181,  etc. 
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and  this  could  be  readily  afforded  by  the  use  of  such  a  gauge  as 
the  ingenious  one  applied  by  Mr.  Bessemer  (See  Fig.  55)  to  his 
high-pressure  furnaces,  or  some  modification  of  it. 

It  is  evident  from  these  considerations  that  the  temperature 
produced  in  furnaces,  and  to  which  boiler  surfaces  are  exposed, 
does  not  depend  primarily  upon  the 
weight  of  air  used  per  pound  of  fuel 
consumed,  even  when  that  combustion 
is  judiciously  effected,  but  upon  the 
quantity  of  fuel  brought  under  com- 
bustion in  a  given  time  and  space — the 
greater  the  quantity  consumed  the 
higher  being  the  temperature  —  and 
upon  the  pressure  under  which  the 
combustion  takes  place. 

It  follows  from  this  that  the  proper 
basis  for  regulation  of  the  area  of  uptake 
and  flues  is  not  the  grate  area,  but  is 
rather  the  weight  of  fuel  which  is  burnt 
in  given  time,  combined  with  the  velocity 
with  which  the  gases  are  made  to  travel 
in  these  passages.  In  fact,  the  main 
unit  for  the  comparison  or  proportion- 
ing of  boiler  measurements  is  evidently 
the  fuel  ;  the  heating  surface  being 
required  in  proportion  to  the  number 
of  heat  units  to  be  dealt  with  (derived 
from  the  combustion  of  the  fuel  and 
transmitted  to  the  water),  and  the 
quantity  of  water  being  also  in  strict 
relation  to  that  number.  Further,  the 
size  of  furnace  or  combustion  chamber, 
and  the  quantity  of  air  required,  are  directly  dependent  upon 
the  weight  of  fuel  to  be  burnt. 

Progress  is  even  now  being  made  in  the  direction  indicated  in 
this  chapter.  Since  it  was  written  the  following  account  of 
experiments  in  America  has  appeared  in  Trans.  American  Soc. 
of  Naval  Architects,  a  summary  having  been  published  in  a 
daily  paper  (the  Glasgow  Herald^  of  October  19th,  1899).  ^^ 
records  no  mere  trial  of  a  mechanical  stoker  applied  to   the 


no.  55. 
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ordinary  grate  of  a  marine  boiler.  Such  an  application  has  been 
made  more  than  once  in  past  times.  It  is  clear  from  the 
account  given  that  we  have  here  the  record  of  a  serious  step 
towards  the  introduction  of  a  separate  firing  chamber,  with 
mechanically  fed  fuel  and  possibly  a  higher  degree  of  forced 
combustion  than  the  ordinary  one,  and  it  is  the  possession  of 
these  features  which  gives  such  interest  to  the  experiments 
recorded. 

Considerable  importance  attaches  to  a  series  of  tests  made  by  the  United 
States  naval  authorities  with  water-tube  boilers  using  meclianical  stokers,  as  it 
is  recognised  that  automatic  firing  would  confer  enormous  advantages  in  the 
direction  of  economy  of  fuel  of  poor  quality,  regularity  of  stoking,  freedom 
from  smoke,  and  reduction  of  stokehold  staff.     The  results,  which  are  very 
elaborate,  are  most  promising.     The  vessel,  a  large  steamer  of  10,155  tons 
displacement,  has  two  of  Babcock  and  Wilcox  water-tube  boilers,  supplying 
steam  of  about  250  lbs.  pressure  to  quadruple  expansion  engines  of  about  1,600 
indicated  horse-power.    The  boilers  have  5,000  square  feet  of  heating  surface, 
the  weight  being  65  tons,  e.xcluding  wafer,  which  weighs  15  tons.     Three 
mechanical  underfed  stokers  are  fitted  to  each  boiler.     Small  coal  thrown  into 
a  hopper  is  continually  fed  by  a  conveyor  screw  into  a  central  magazine,  and 
in  this  it  is  gradually  forced  upwards,  overflowing  the  tuyere  blocks,  through 
which  air  is  supplied  by  a  blower.  The  coal  is  gradually  heated  as  it  is  forced 
up  in  the  magazine,  and  thus  the  volatile  gases  are  released  and  are  burned  by 
the  air  issuing  from  the  inside  of  the  tuyere  blocks.     A  sort  of  coke  is  at  the 
same  time  furnished  to  the  dead  grates  at  the  sides  of  the  stoker,  and  the  air 
for  the  combustion  of  this  is  supplied  by  the  openings  on  the  outside  of  the 
tuyere  blocks.   .At  the  side  of  each  stoker  is  a  door  for  cleaning  the  grate,  etc., 
and  this  could  be  utilised  for  ordinarV  stoking  if  the  mechanism  went  wrong. 
No  air  is  admitted  except  through  the  tuyeres.     The  weight  of  each  stoker 
complete  is  3,500  lbs.     Inferior  coal  was  used — a  cheap  grade  of  slack,  the 
calorific  value  of  a  test  sample  having  been  11,790  British  thermal  units  per 
lb.    when  dry.     The  steam  and  water  were    measured  for  both  main  and 
auxiliary  engines,  and  it  was  found  that  the  six  stokers  used  1386  lbs.  of  steam 
per  hour,  equal  to  429  per  cent,  of  the  total  steam  generated  ;  but  when  the 
blower  exhaust  was  passed  through  the  feed  heater  the  cost  was  only  1-68  per 
cent,  of  the  total.     The  stoker  worked  satisfactorily  in  all  tests— six  trials  each 
of  six  hours  were  made — and  it  was  found  that  the  main  engines  used  on  an 
average  about  14*4  lbs.  of  steam   per  horse-power  hour,  and  the  auxiliaries 
25  lbs.  per  hour  per  horse  power  of  the  main  engines,  the  latter  equal  to  about 
14  per  cent,  of  the  total.     The  coal  consumption  for  the  main  engines  varied 
between  163  and  r88  lbs.,  and  for  all  machinery  rg  to  220  lbs.    The  water 
evaporation  averaged  about  11  lbs.  per  lb.  of  coal  from  and  at  212  degrees. 
These  results,  in  view  of  the  quality  of  coal,  are  most  satisfactory,  and  the 
United  States  naval  authorities  have  been  impressed  by  the  results  ;  but  it  is 
significant  tliat  they  state  that  the  steam  consumption  of  the  quadruple  engine 
is  not  less  than  with  triple-expansion. 


CHAPTER    IV. 

Transmission  of  Heat. 

The  Steam  Boiler  a  Heal-En^ine. — The  successful  transmission  of 
heat  is  the  true  solution  of  the  greatest  problem  of  boiler  design. 
Several  years  ago  it  was  shown  that  the  proper  light  in  w^hich  a 
boiler  should  be  regarded  is  that  of  a  heat-engine,  to  which  the 
reasoning  used  in  the  case  of  all  other  examples  can  be  applied. 
"The  apparatus  by  means  of  which  the  potential  energ>'  of  fuel, 
with  respect  to  oxygen,  is  converted  into  the  potential  energy  of 
steam,  we  call  a  steam  boiler,  and  although  it  has  neither 
cylinder  nor  piston,  crank  nor  fly-wheel,  I  claim  for  it,'^  said 
Mr.  Anderson,'  "that  it  is  a  veritable  heat-engine,  because  it 
transmits  the  undulations  and  vibrations  caused  by  the  energy 
of  chemical  combination  in  the  fuel,  to  the  water  in.  the  boiler; 
these  motions  expend  themselves  in  overcoming  the  liquid 
cohesion  of  the  water  and  imparting  to  its  molecules  that  vigour 
of  motion  which  converts  them  into  the  molecules  of  a  gas 
which,  impinging  on  the  surfaces  which  confnie  it  and  form  the 
steam  space,  declare  their  presence  and  energ}'  in  the  shape  of 
pressure  and  temperature.  A  steam  pumping-engine  w^hich 
furnishes  water  under  high  pressure  to  raise  loads  by  means  of 
hydraulic  cranes,  is  not  more  truly  a  heat-engine  than  is  a 
simple  boiler,  for  the  latter  converts  the  latent  energy  of  fuel 
nto  the  latent  energy  of  steam,  just  as  the  pumping  engine 
converts  the  latent  energy  of  steam  into  the  latent  energy  of 
the  pumped-up  accumulator  or  the  hoisted  weight."  This  is 
undoubtedly  the  true  point  of  view  from  which  to  regard  steam 
boilers  in  principle,  and  the  application  of  this  view  reaches 
a  good  deal  farther  than  any  method  of  estimating  the  heat 
efftciency  of  boilers  which  has  as  yet  been  employed. 

Heat  Efficiency  of  Boilers. — The  efficiency  of  a  boiler  is  at  present 
derived  from  the  calculated  evaporative  power  of  the  fuel,  divided 

^  "  On  the  Generation  of  Steam  and  Therniorlvnamic  Problems  Involved." 
Min.  Fro.  Inst.  C.E.,  1883-84. 
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into  the  actual  evaporation  obtained  in  lbs.  of  water  per  lb.  of 
fuel  consumed  in  the  boiler,  or  in  other  words,  the  percentage 
of  the  calculated  heat  value  in  the  fuel  utilised  in  evaporating 
water  into  steam  is  made  the  basis  of  comparison  of  the  heat 
efficiency  of  boilers.  Mr.  J.  G.  Hudson  (in  the  Engineer ^  Vol.  70, 
page  449)  takes  the  final  efficiency  E  of  a  boiler,  i.e.j  the  propor- 
tion which  the  heat  utilised  in  raising  steam  bears  to  the  full 
calorific  value  of  the  fuel  expended,  as  the  product  of  the 
separate  efficiencies  of  the  successive  stages  of  the  process. 
Thus  : — 

E,=the  efficiency  of  the  combustion = 

the  heat  developed 


the  heat  utilised 


the  heat  absorbed 


the  calorific  value  of  the  fuel 

_,      ^,        „  .  .  ^.        .         ^.  the  heat  absorbed 

E,=the  efficiency  of  the  absorption  =       ^.^    , — -—. ; t 

*  -^  '  the  heat  developed 

E3=the  efficiency  of  the  utilisation  = 

then  E,xE,xE3=E 

and  remarks^  that  *'  under  exceptionally  favourable  conditions 
the  numerical  values  might  be  Ej='96,  £,=-93,  £3=97,  making 
E  =  *866 ;  whilst  more  commonly  they  would  be  £^='90, 
E,=75,  E3='9S,  making  £='641,  and  much  lower  values 
are  met  with."  He  proposes  to  estimate  E,  by  taking  the 
weight  and  specific  heat  of  the  waste  gases  and  their  temperature 
in  excess  of  that  of  the  fuel  and  air  as  supplied  to  the  boiler, 
and  deducting  that  from  the  total  heat  developed.  But  this  tells 
us  nothing  about  the  amount  of  heating  surface  which  has  been 
required  in  the  boiler  in  the  production  of  this  result,  and  conse- 
quently (as  the  same  rate  of  evaporation  might  be  obtained  from 
boilers  having  very  different  amounts  of  heating  surface)  it  is 
not  a  good  basis  for  comparison  of  various  boilers.  To  obtain 
that  we  would  require  to  have  a  proportion  between  the  number 
of  heat  units  which  can,  theoretically,  be  transmitted  per  unit  of 
heating  surface  per  unit  of  time,  and  the  number  actually  trans- 
mitted in  the  case  of  any  boiler,  either  per  unit  of  surface  or 
through  the  total  heating  surface  in  the  boiler.  The  calculated 
heat  value  of  fuel  is  by  no  means  so  exact  or  reliable  an  amount  as 
is  the  number  of  heat  units  required  to  evaporate  a  given  weight 
of  water  in  given  time,  so  that  if  we  know  the  evaporative  duty  of 
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a  boiler  and  its  total  area  of  hcr.iiig  surface,  we  can  at  once  test 
its  efficiency  in  terms  of  heat  transmitted,  that  is,  consistently 
with  the  view  of  the  boiler  as  a  heat-enj^ine.  It  will,  of  course, 
be  necessary  to  agree  upon  a  standard,  or  the  maximum  amount 
of  heiit  transmission  which  is  theoretically  possible  per  unit  of 
surface,  but  this  should  not  be  difficult  to  do. 

CarnoVs  Law. — The  reasoning  applied  to  heat-engines  is 
founded  on  the  law  or  principle  announced  first  by  Carnot,*  that 
the  ratio  of  the  greatest  possible  work  performed  by  a  heat- 
engine  to  the  whole  heat  exjxjnded  is  a  function  of  the  two 
limits  of  temperature  between  which  the  engine  works,  and  not 
of  the  nature  of  the  substance  employed.  It  has  been  pointed 
out  by  several  writers  on  physics  that  the  greatest  range  of  tem- 
perature possible  is  that  which  is  measured  on  the  absolute  scale 
between  the  highest  temperature  at  the  commencement  of  the 
cycle  of  operations  and  absolute  zero,  and  the  fraction  of  this 
difference  or  range  which  can  be  utilised  is  the  ratio  which  the 
range  of  temperature  through  which  the  substance  is  working 
bears  to  the  absolute  temperature  at  the  commencement  of  the 
action. 

If  W  =  the  greatest  amount  of  effect  to  be  expected,  T  and  / 
=  the  absolute  temperatures  at  beginning  and  end  of  the  cycle, 
and  H  =  the  total  quantity  of  heat  potential  in*  the  substance  at 
the  higher  temperature  T,  then  the  application  of  Carnot's  law 
gives  us  the  expression 


w="(¥) 


lllusiralion  of  CarnoVs  Law, — Mr.  W.  Anderson  (in  his  lecture 
"  On  the  Generation  of  Steam,"  etc.)  gave  the  following  graphic 
illustration  of  this  doctrine  :  "  Fig.  56  represents  a  hillside  rising 
from  the  sea.  Some  distance  up  there  is  a  lake,  L,  fed  by  streams 
coming  down  from  a  still  higher  level.  Lower  down  the  slope 
is  the  millpond,  P,  the  tail  race  from  which  falls  into  the  sea.  At 
the  millpond  is  established  a  factory,  the  turbine  driving  which 
is  supplied  with  water  by  a  pipe  descending  from  the  lake  L. 
Datum  is  the  mean  sea-level,  the  level  of  the  lake  isT,  and  of  the 
millpond  /.     Q  is  the  weight  of  water  falling  through  the  turbine 

*  Reflexions  sur  la  Puissance  Motrice  de  Feu,  Paris,  1824.  Sir  William 
Thomson,  *•  Account  of  Carnot's  Theory,"  Proc.  Rov.  Soc.  Edin.,  Vol.  xvi. 
(1849). 
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per  minute.  The  mean  sea-level  is  the  lowest  level  to  which  the 
water  can  possibly  fall,  hence  its  greatest  potential  energy,  that 
of  its  position  in  the  lake,  is  QT=H.  The  water  is  working 
between  the  absolute  levels  T  and  / ;  hence,  according  to  Carnot, 
the  maximum  effect  W  to  be  expected  is 

w=h(3^') 

but  H=Q  T,  therefore  W=Q  T  C^^) 

and  W=Q  (T-/) 
that  is  to  say,  the  greatest  amount  of  work  which  can  be  expected 
is  found  by  multiplying  the  weight  of  water  into  the  clear  fall, 


FIG.  56. 

which  is,  of  course,  self-evident.  •  Now,'^how  can  the  quantity  of 
work  to  be  got  out  of  a  given  weight  of  water  be  increased  with- 
out in  any  way  improving  the  efficiency  of  the  turbine  ?  In  two 
ways  ; — 

1.  By  collecting  the  water  higher  up  the  mountain  and  by 
that  means  increasing  T. 

2.  By  placing  the  turbine  lower  down,  nearer  the  sea,  and 
by  that  means  reducing  /, 

"  Now,  the  sea-level  corresponds  to  the  absolute  zero  of  tem- 
perature and  the  heights  T  and  /  to  the  maximum  and 
minimum  temperatures  between  which  the  substance  is  working  ; 
therefore,  similarly,  the  way  to  increase  the  efficiency  of  a  heat- 
engine,   such  as  a   boiler,   is   to    raise   the    temperature  of  the 
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furnace  to  the  utmost,  and  to  reduce  the  heat  of  the  waste 
gases  to  the  lowest  possible  point." 

Methods  of  Increasing  Range  of  Temperature, — We  have  seen  in 
Chapter  III  how  the  temperature  of  combustion  can  be  not  only 
brought  to,  but  also  sustained  at,  the  highest  possible  point,  and, 
putting  aside  for  the  moment  the  question  of  the  use  of 
economisers  and  air  heaters,  the  more  complete  the  transmission 
of  the  heat  to  the  water  in  the  boiler  can  be  made,  the  less  will 
be  the  quantity  of  heat  which  can  escape  in  the  waste  gases.  Of 
course,  the  temperature  due  to  the  pressure  of  steam  employed 
fixes-  a  limit  to  the  temperature  of  the  escaping  gases  and 
therefore  to  this  transmission,  as  far  as  the  boiler  proper  is  con- 
cerned, and  it  is  at  this  point  that  the  use  of  auxiliary  apparatus 
comes  in,  so  that  a  further  amount  of  heat  may  be  extracted 
from  the  waste  gases  or  products  of  combustion. 

As  regards  the  transmission  of  heat,  it  is  not  necessary  to 
discuss  the  retinements  of  the  theory  of  the  action  described  by 
Fourier  (in  his  ^' Theorie  analytique  de  la  Chaleur"),^  Poisson 
(in  his  "  Theorie  mathematique  de  la  Chaleur "),  Clerk 
Maxwell  (in  his  **  Theory  of  Heat "),  and  Lord  Kelvin  (in  the 
article  "  Heat  "  in  the  "  Encyclopaedia  Britannica,"  9th  Edition)  ; 
we  are  more  concerned  here  with  its  practical  possibilities. 
Since  the  days  of  Sir  Isaac  Newton  it  has  been  known  that, 
considering  merely  the  metal  medium,  the  rate  of  transmission 
is  directly  proportional  to  the  difference  of  temperature  between 
the  two  surfaces.  This  Newtonian  principle  was,  in  1818, 
attacked  by  Dulong  and  Petit,  who  concluded,  from  a  series  of 
experiments  on  cooling  in  vacuo  and  in  the  atmosphere,  that 
heat  transmission  took  place  more  rapidly  at  higher  temperature 
differences  than  at  lower.  The  conclusion  of  these  experi- 
menters has,  however,  been  corrected  by  subsequent  investigation, 
and  the  general  accuracy  of  Newton's  view  has  been  maintained. 
In  fact,  the  early  experiments  of  Dulong  and  Petit,  Narr, 
Colding,  and  others,  as  well  as  many  more  recent  ones  on  this 
and  other  allied  subjects,  seem  to  deserve  the  pithy  remark 
of  one  writer,  who  says  :  "  Whatever  there  can  be  said  for 
or  against  the  deductions  of  the  experiments  referred  to,  they 

'  There  is  an  English  translation  of  Fourier's  work,  by  Freeman,  published 
in  1879  at  Cambridge  University  Press,  1  vol.  8vo. 
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all  involve  the  same  error,  viz.,  that  of  deducing  a  law 
of  universal  application  from  too  small  a  series  of  experi- 
ments, in  which  factors  having  an  undoubted  influence  were 
omitted." 

Great  differences  have  been  found  in  general  practice,  the 
average  drift  of  which  h;is  been  in  the  opposite  direction  to  that 
of  Dulong  and  Petit's  conclusion,  for,  as  we  shall  see,  in  the 
transmission  of  heat  for  evaporation,  better  results  have  been,  so 
far,  obtained  with  a  difference  of  temperature  of  about  100°  F. 
than  with  one  of  1000°  and  upwards.  The  results  obtained 
with  steam  boilers,  and  in  various  experiments  connected  with 
them,  have  in  fact  induced  some  engineers  rather  hastily  to 
form  the  conclusion  that  the  rule  for  boilers  is  that  the  rate  of 
transmission  of  heat  from  the  hot  gases  to  the  water,  across  the 
boiler  plates  or  metal  of  the  tubes,  is  proportional  to  the  square 
of  the  difference  of  temperatures,  in  all  cases.  That  boiler 
practice,  however,  has  been  far  from  embracing  all  the  elements 
which  can  contribute  to  the  best  results  possible,  and  the  most 
of  the  experiments  alluded  to  have  been  of  a  very  partial  and 
incomplete  kind,  except  perhaps  as  regards  the  special  form  of 
apparatus  experimented  with  in  one  or  two  instances.  Some 
factors,  such  as  for  instance  the  absolutely  essential  and  indeed 
commanding  one  of  the  effect  of  movement^  have  been  either 
wholly  or  partially  ignored  in  them. 

Conduction  of  Heat, — The  rule  for  the  rate  of  conduction  of 
heat  by  the  metal  itself  seems  to  have  been  well  ascertained.  It 
is  thus  expressed  by  Professor  Clerk  Maxwell  ("  Theory  of  Heat," 
p.  234)  :— 

H  =  -- A^  (T-S) 
c 

H  being  =  the  whole  heat  conducted  in  time  /. 

aft,,      =    „    area  of  the  plate. 

c        „      =    „    thickness  of  the  plate. 

T— S  being  =  the  difference  of  temperature  which  causes  the 

flow  and 
k  being  =  the  specific  thermal  conductivity  of  the  substance. 

"  It  appears  therefore,"  Professor  Clerk  Maxwell  says,  "that  the 
heat  conducted  is  directly  proportional  to  the  area  of  the  plate, 
to  the  time,  to  the  difference  of  temperature,  and  to  the  con- 
ductivity,  and   inversely   proportional   to  the  thickness  of  the 
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plate."     As  to  the  dimensions  of  kj  the  specific  thermal  con- 
ductivity, he  adds,  "  From  the  equation  we  find 
.  _         c  H 
a  b  i  (T— S) 
''  Hence  if  [L]  be  the  unit  of  length,  [T]  the  unit  of  time,  [H] 
the  unit  of  heat,  and  [6]  the  unit   of   temperature,  the   dimen- 
sions of  k  will  be 

[H] 

[LTO] 

"  If  heat  is  measured  in  thermal  units,  such  that  each  thermal 

unit  is  capable  of  raising  unit  mass  of  a  standard   substance 

through  one  degree  of  temperature,  the  dimensions  of  H  are 


[M  6]  and  those  of  k  will  be 


r   M  1" 

LltJ 


Many  similar  expressions  of  this  law  or  principle  of  heat 
conduction  have  been  given,  in  which  other  symbols  have  been 
used,  and  perhaps  the  most  convenient  one  is  the  following  : — 

Q  =  its  ^—Lt 
e 

Where  Q  is  the  quantity  of  heat  which  passes  through  a  layer  of 
the  substance  of  thickness  e^  and  area  s,  in  time  T,  when  its  two 
surfaces  are  kept  at  the  constant  temperatures  /  and  /'  for  a 
sufficient  time  to  establish  an  even  flow,  k  stands  for  the  co- 
efficient of  conductivity. 

Coefficient  of  Conduciiviiy. — This  coefficient  of  conductivity 
has  been  investigated  by  several  experimenters,  who  have  used 
principally  three  different  methods  or  processes,  the  most  direct 
of  which  is  said  to  have  been  that  employed  by  Peclet.*  This 
consisted  in  "  measuring  the  time  required  for  a  given  quantity 
of  heat  to  pass  through  plates  of  different  materials  of  definite 
thickness,  the  two  surfaces  being  maintained  at  known  constant 
temperatures  by  keeping  the  two  sides  of  the  plate  bathed  with 
water." 

PecleVs  Experiments. — Peclet  at  first  used  a  form  of  apparatus 
in  which  steam  was  employed  as  the  source  of  heat  on  one  side 
of  a  plate,  whilst  water  was  in  contact  with  the  other  surface, 
over  which  it  was  moved  by  means  of  a  rotating  agitator.     He 

^Ann.  Chem.  Phys  [3],  ii.  107  and  "  Traite  de  la  Chaleur,"  etc.  Liege, 
1844,  chap  viii.  (3rd  edn.) 
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noticed  in  all  the  experiments  with  this  apparatus  that  the  quan- 
tity of  heat  transmitted  was  sensibly  affected  by  the  speed  of 
rotation  of  the  agitator,  increasing  or  diminishing  in  proportion 
to  that  speed,  but  the  limit  of  speed  of  movement  possible  with 
the  apparatus  was  too  small.  He  therefore  constructed  a  new 
apparatus,  with  the  means  of  giving  a  greater  movement  to  the 
water,  which  he  now  used  on  both  surfaces  of  the  plates,  as  he 
thought  that  a  film  of  condensed  steam  in  the  previous  apparatus 
probably  interfered  with  the  correctness  of  the  results  or  with 
the  rate  of  transmission.  This  new  apparatus  is  shown  in  Figs. 
S^Ay  57»  and  58  in  which  Fig.  56A  is  a  vertical  section  of  the  whole 
apparatus,  Fig.  57  is  a  plan,  and  Fig.  58  a  section  (on  an  enlarged 
scale)  of  the  bottom  of  the  upper  cylinder  or  vase,  showing  the 
plate  experimented  with  at  EF.  The  water  was  agitated  on  the 
upper  surface  of  the  plate  by  the  vertical  paddle,  and  on  the 
under  side  by  the  horizontal  wheel  RS,  which  was  moved  by 
means  of  the  handle  X.  By  means  of  this  apparatus  Peclet  was 
able  to  renew  the  liquid  in  contact  with  the  surfaces  of  the 
metal  plate  1,600  times  a  minute,  and  he  obtained  for  lead  plates 
the  coefficient  3*84  in  kilogram,  water  degrees  for  one  square 
metre  of  surface,  one  millimetre  of  thickness,  and  one  second  of 
time,  per  1°  C.  difference  of  temperature. 

Taking,  then,  the  numbers  given  by  Despretz'  for  the  relative 
conductivity  of  the  different  metals,  Peclet  gave  the  following 
Table  of  coefficients  of  absolute  conductivity. 

Table  XXII. 

Gold  ...  ...  ...  ...  2128 

Platinum  ...  ...  ...  2095 

Silver  ...  ...  ...  ...  2071 

Copper  ...  ...  ...  ...  191 1 

Iron  ...  ...  ...  ...  7*95 

Zinc  ...  ...  ...  ...  774 

Lead  ...  ...  ...  ...  384 

Wiedemann  and  Franzes  Results. — There  seems,  however,  to 
be  some  reason  to  doubt  this  order,  as  later  results  given  by 

'  These  are  given  by  D.  K.  Clark  in  "  A  Manual  of  Rules,  Tables,  and  Data," 
p.  331,  Table  107. 
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Wiedemann  and  Franz '  (Pogg.  Annal.  Ixxxix.  497),  which  are 
said  to  have  been  most  carefully  ascertained,  present  the  relative 
conductivity  of  the  metals  in  a  different  order  of  value.  Their 
results  are  given  in  the  following  Table,  the  coefficients  of  abso- 
lute conductivity  being  calculated  from  these  numbers  on  the 
basis  of  Peclet^s  result  for  lead,  and  expressed  in  gramme  water 
degrees,  per  minute,  per  centimetre  thickness,  per  square  centi- 
metre of  surface  : — 

Table  XXIII. 

CONDUCTIVITY   OF   METALS. 


Relative. 

Absolute. 

Silver      ... 

100 

45-2 

Copper    

73-6 

334 

Gold        

53-2 

240 

Brass       

231 

10-4 

Zinc        

190 

8-6 

Tin          

14-5 

6-55 

Iron         

11-9 

538 

Lead       

8-4 

3-84 

Platinum... 

8-5 

379 

German  Silver 

6-3 

2-85 

Bismuth 

1-8 

0-8 1 

Both  Neumann'  and  Angstrom*  have  also  investigated  the 
conductivity  of  metals,  and  have  given  the  following  results 
which  have  been  reduced  to  expressions  of  absolute  conductivity 
according  to  the  same  units  at  temperature  /°. 

In  the  column  A  the  numbers  refer  to  i  gram,  degree  Cent,  as 
the  unit  of  heat,  i  centimetre  as  unit  of  length,  and  i  minute  as 
the  unit  of  time.  In  column  B  the  imits  are  i  kilogram,  degree, 
I  millimetre,  i  square  metre,  i  second. 

*  See  also  Watts'  Diet,  of  Chemistry,  Vol.  v.,  p.  71. 
»  Ann.  Chem.  Phys.  [3]  Ixvi.,  185. 

*  Pogg-  Ann.  cxiv.  527  ;  cxviii.  429,  see  also  Watts'  Diet,  of  Chemistry, 
Article  "  Heat,"  Vol.  vi.,  p.  693. 
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Aniijstro 


j6r6^{i — 000214/) 
Copper  ...    i-8cy^(i_oooi5i9/) 

Zinc  ...  

Brass  ...  

Iron               ...   I  11-927(1— 0002874/) 
German  Silver  


1027  (I  — 0003567  /) ) 
9823  (I  — 0002532/)  I 


1988  (I  —  000479  /) 


A. 

66-48 

110-75 

1843 

3070 

18-12 

30-19 

982 

16-37 

6-57 

10-94 

I^ead 


(A)  2-30      (B)  3-84 


Pcclct. 


Mr.  D.  K.  Clark*  calculated  from  Peclet's  Table,  (XXII.,  on 
page  116)  into  English  measures,  the  quantities  of  heat  transmitted 
from  water  to  water  through  plates  of  metals  i  inch  thick,  per 
square  foot,  for  1°  F.  difference  of  temperature  between  the  two 
faces,  per  hour. 

His  figures  are  given  in  the  following  Table. 

Tablk  XXV. 


Substances. 

Ouanlity  of  Heat  in  Units. 

Gold 

620 

Platinum 

604 

Silver 

50 

Copper 

555 

Iron 

225 

Zinc 

225 

Tin 

177 

Lead 

112 

Mr.  Clark  quotes  the  following  formula  from  Peclet  to  express 

*  A  Manual  of  Rules,  Tables,  Dati,  etc.,  3rd  edn.,  page  460. 
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the  law  of  transmission  of  heat  through  metals  (or  other  sub- 
stances) : — 

M=(/-/')  I 

in  which  /  and  /'  are  the  temperatures  of  the  surfaces,  C  the 
quantity  of  heat  transmitted  per  hour  for  one  degree  difference 
of  temperature  through  i  unit  of  thickness,  and  E  is  the  thick- 
ness. Table  XXV.  gives  the  values  of  the  constant  C  for 
different  metals  in  English  measures. 

Lord  Kelvin  (then  Sir  William  Thomson)*  has,  however, 
shown  that  the  figures  given  by  Peclet  and  the  earlier  experi- 
menters before  Angstrom,  as  expressing  the  conductivity,  were 
in  several  instances  too  small  ;  those  for  the  conductivity  of 
copper,  for  instance,  having  been  200-  times  too  small  as  given 
by  Clement,  and  iive  times  too  small  as  given  by  Peclet. 

Motion  Essential  to  Transmission. — In  considering  the  trans- 
mission of  heat  through  metal  plates  to  or  from  a  gas,  Peclet 
insists  on  the  necessity  for  movement  of  the  particles  in  contact 
with  the  heating  surfaces  for  giving  or  receiving  heat.  In 
his  own  words  :  "  Ainsi  Ton  voit  que,  dans  tons  les  cas,  le 
renouvellement  rapide  des  couches  de  liquide  ou  de  gaz  qui 
touchent  les  surfaces  de  la  plaque  metallique  a  une  tres-grande 
influence  sur  la  transmission  de  la  chaleur,  mais  que  cette 
circonstance  est  beaucoup  plus  importante  pour  les  gaz  que  pour 
les  liquides.  On  doit  done  chercher  la  disposition  des  appareils 
qui  favorise  le  plus  possible  ce  renouvellement,  par  Teifet  seul 
du  mouvement  qui  resulte  de  Techauffement  et  du  refroidisse- 
ment,  et  par  les  mouvemens  que  les  fluides  doivent  prendre  pour 
entrer  et  sortir  des  appareils.  Mais,  pour  les  gaz,  ou  pent  en 
outre  produire  artificiellement  dans  leurs  masses  des  mouvemens 
qui  occasionnent  un  renouvellement  rapide  des  couches  en 
contact  avec  les  surfaces  metalliques,  soit  par  une  action  directe 
qui  n'exigerait  qu'un  faible  travail,  soit  en  enployant  une  partie 
de  la  force  qui  resulte  de  Tcoulement." 

Direction  of  Currents. — In  addition  to  this  necessity  for  rapid 
motion,  it  is  also  plainly  necessary,  as  Peclet  indicates,  that  for 
a  complete  exchange  of  temperature  the  currents  of  the  heating 
and    heated   fluids    should    be    caused    to    move    in   opposite 

^  See  article  "  Heat  "  in  Encyclopaedia  Brit.,  ninth  edition. 
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directions.  By  this  method  at  all  points  of  the  travel  of  the 
heating  medium  its  temperature  must  be  higher  than  that  of  the 
substance  being  heated,  so  that  transmission  can  always  take 
place  and  all  the  heating  surface  can  be  made  useful.  When 
both  currents  traverse  the  surface  in  the  same  direction,  they 
can  only  reach  a  mean  temperature,  which  is  soon  attained,  after 
which  the  heating  surface  is  of  no  use. 

In  Chap.  III.  (pages  97-100,  ante)  two  illustrations  of  the 
effects  of  movement  (in  one  of  the  insufficiency  of  the  amount 
of  movement)  on  transmission  of  heat  by  air  and  water  have 
been  given,  viz.,  in  the  case  of  feed-water  and  air  heaters  of 
Mr.  Kemp  and  Mr.  Howden,  and  in  the  case  of  Mr.  Craddock^s 
experiments  with  air  and  w^ater  condensers.  The  effect  of  move- 
ment is  illustrated  in  Mr.  Kemp's  apparatus  in  the  fact  that  his 
feed-water  heaters  required  to  have  double  the  heating  surface 
of  his  boilers  in  order  to  heat  the  slow  moving  water  from  130" 
to  270°,  the  hot  gases  being  cooled  from  675"  to  225°,  the  tem- 
perature of  steam  in  the  boiler  being  363*4°  ;  no  steam  was  raised 
in  the  feed  heaters,  but  to  do  this  work  the  boilers  required  only 
half  the  surface  of  the  heaters  and  only  the  movement  of  the 
water  in  the  boilers  can  account  for  a  great  part  of  the  differ- 
ence. There  is  no  doubt,  however,  that  the  higher  temperature 
of  the  hot  gases  in  contact  with  the  boiler  surfaces  would  also 
assist  the  more  rapid  transmission  of  heat. 

Professor  O.  Reynolds  on  Heat  Transmission. — In  1874  Professor 
Osborne  Reynolds  made  a  short  communication  to  the  Man- 
chester Literary  and  Philosophical  Society  "  On  the  Extent  and 
Action  of  the  Heating  Surface  for  Steam  Boilers,"  in  which  he 
directed  attention  to  the  influence  of  motion  on  the  transmission 
of  heat ;  and  on  account  of  the  importance  of  the  arguments 
advanced,  this  paper  deserved  to  be  more  widely  noticed  than 
has  been  its  fate.  Professor  Reynolds  pointed  out  that  in  many  of 
the  works  dealing  with  heat  transmission  "  there  is  one  assump- 
tion which  upon  the  face  of  it  seems  to  be  contrary  to  general 
experience,  and  this  is  that  the  quantity  of  heat  imparted  by  a 
given  extent  of  surface  to  the  adjacent  fluid  is  independent  of 
the  motion  of  that  fluid  or  of  the  nature  of  the  surface  ;  whereas 
the  cooling  effect  of  a  wind  compared  with  still  air  is  so  evident 
that  it  must  cast  doubt  upon  the  truth  of  any  hypothesis  which 
does  not  take  it  into  account.'*    Accordingly,  he  approached  the 
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subject  on  the  side  of  the  then  recent  laws  of  the  internal 
diffusion  of  fluids  on  the  molecular  theory  and  thus  stated  his 
position  :  "  The  heat  carried  off  by  air  or  any  fluid  from  a 
surface,  apart  from  the  effect  of  radiation,  is  proportional  to  the 
internal  diffusion  of  the  fluid  at  or  near  the  surface  ;  i.e.^  is  pro- 
portional to  the  rate  at  which  particles  or  molecules  pass  back- 
wards and  forwards  from  the  surface  to  any  given  depth  within 
the  fluid.  Thus,  if  AB  be  the  surface  and  ab  an  ideal  line  in  the 
fluid  parallel  to  AB,  then  the  heat  carried  off  from  the  surface 
in  a  given  time  will  be  proportional  to  the  number  of  molecules 
which  in  that  time  pass  from  ab  to  AB,  that  is,  for  a  given  differ- 
ence of  temperatme  between  the  fluid  and  the  surface.  This 
assumption  is  fundamental  to  what  I  have  to  say,  and  is  based 
on  the  molecular  theory  of  fluids. 

"  Now,  the  rate  of  this  diffusion  has  been  shown  from  various 
considerations  to  depend  on  two  things  : — 

'*  I.  The  natural  internal  diffusion  of  the  fluid  when  at  rest. 

"  2.  The  eddies  caused  by  visible  motion  which  mixes  the 
fluid  up  and  continually  brings  fresh  particles  into  contact  with 
the  surface. 

"  The  first  of  these  causes  is  independent  of  the  velocity  of  the 
fluid  ;  if  it  be  a  gas  is  independent  of  its  density,  so  that  it  may 
be  said  to  depend  only  on  the  nature  of  the  fluid.*  The  second 
cause,  the  effect  of  eddies,  arises  entirely  from  the  motion  of  the 
fluid,  and  is  proportional  both  to  the  density  of  the  fluid,  if  gas, 
and  the  velocity  with  which  it  flows  past  the  surface. 

"  The  combined  effect  of  these  two  causes  may  be  expressed 
in  a  formula  as  follows  : — 

H=A/  +  B/5t'^  (i) 

where  /  is  the  difference  of  temperature  between  the  surface 
and  the  fluid,  p  is  the  density  of  the  fluid,  v  its  velocity, 
and  A  and  B  constants  depending  on  the  nature  of  the  fluid, 
H  being  the  heat  transmitted  per  unit  of  the  surface  in  a  unit 
of  time. 

"  If,  therefore,  a  fluid  were  forced  along  a  fixed  length  of 
pipe  which  was  maintained  at  a  uniform  temperature  greater 
or  less  than  the  initial  temperature  of  the  gas,  we  should  expect 
the  following  results. 

I  *«  The  Theory  of  Heat,"  by  J.  Clerk  Maxwell,  chap.  xix. 
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"  I.  Starting  with  a  velocity  zero,  the  gas  would  then  acquire 
the  same  temperature  as  the  tube.  2.  As  the  velocity  increased, 
the  temperature  at  which  the  gas  would  emerge  would  gradually 
diminish,  rapidly  at  first,  but  in  a  decreasing  ratio  until  it  would 
become  sensibly  constant  and  independent  of  the  velocity.  The 
velocity  after  which  the  temperature  of  the  emerging  gas  would 
be  sensibly  constant  can  only  be  found  for  each  particular  gas 
by  experiment,  but  it  would  seem  reasonable  to  suppose  that  it 
would  be  the  same  as  that  at  which  the  resistance  offered  by 
friction  to  the  motion  of  the  fluid  w^ould  be  sensibly  proportional 
to  the  square  of  the  velocity.  It  having  be^n  found,  both 
theoretically  and  by  experiment,  that  this  resistance  is  connected 
with  the  diffusion  of  the  gas  by  a  formula  : 

R  =  AV  +  BX  (2) 

and  various  considerations  lead  to  the  supposition  that  A  and  B 
in  formula  (i)  are  proportional  to  A*  and  B*  in  (2).  The  value 
of  V  w^hich  this  gives  is  very  small,  and  hence  it  follows  that  for 
considerable  velocities  the  gas  should  emerge  from  the  tube  at  a 
nearly  constant  temperature,  whatever  may  be  its  velocity.  This 
is  in  accordance  with  what  has  been  observed  in  tubular  boilers 
as  well  as  in  more  definite  experiments. 

"  In  the  locomotive  the  length  of  the  boiler  is  limited  by  the 
length  of  the  tube  necessary  to  cool  the  air  from  the  fire  down 
to  a  certain  temperature,  say  500°.  Now,  there  does  not  seem  to 
be  any  general  rule  in  practice  for  determining  this  length,  the 
length  varying  from  16  feet  to  as  little  as  6  feet,  but  w^hatever 
the  proportions  may  be,  each  engine  furnishes  a  means  of  com- 
paring the  efficiency  of  the  tubes  for  high  and  low  velocities  of 
the  air  through  them.  It  has  been  a  matter  of  surprise  how 
completely  the  steam-producing  power  of  a  boiler  appears  to 
rise  with  the  strength  of  blast  or  the  work  required  from  it. 
And  a^  the  boilers  are  as  economical  when  working  with  a  high 
blast  as  w-ith  a  low,  the  air  going  up  the  chimney  cannot  have  a 
much  higher  temperature  in  the  one  case  than  in  the  other. 
That  it  should  be  somewhat  higher  is  strictly  in  accordance 
with  the  theoiy  as  stated  above. 

"  It  must,  however,  be  noticed  that  the  foregoing  conclusion 
is  based  on  the  assumption  that  the  surface  of  the  tube  is  kept 
at  the  same  constant  temperature,  a  condition  which  it  is  easy  to 
see  can  hardly  be  fulfilled  in  practice. 
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"  The  method  by  which  this  is  usually  attempted  is  by  sur- 
rounding the  tube  on  the  outside  with  some  fluid,  the  temperature 
of  which  is  kept  constant  by  some  natural  means,  such  as  boiling 
or  freezing  ;  for  instance,  the  tube  is  surrounded  with  boiling 
water.  Now,  although  it  may  be  possible  to  keep  the  water  at  a 
constant  temperature,  it  does  not  at  all  follow  that  the  tube  will 
be  kept  at  the  same  temperature  ;  but,  on  the  other  hand,  since 
heat  has  to  pass  from  the  one  to  the  other,  there  must  be  a 
difference  of  temperature  between  them,  and  this  difference  will 
be  proportional  to  the  quantity  of  heat  which  has  to  pass.  And 
again,  the  heat  will  have  to  pass  through  the  material  of  the 
tube,  and  the  rate  at  which  it  will  do  this  will  depend  on  the 
difference  of  the  temperature  at  its  two  surfaces.  Hence,  if  the 
air  be  forced  through  a  tube  surrounded  with  boiling  water,  the 
temperature  of  the  inner  surface  of  the  tube  will  not  be  constant, 
but  will  diminish  with  the  quantity  of  heat  carried  off  by  the 
air.  It  may  be  imagined  that  the  difference  will  not  be  great ; 
a  variety  of  experiments  lead  me  to  suppose  that  it  is  much 
greater  than  is  generally  supposed.  It  is  obvious  that,  if  the 
previous  conclusions  be  correct,  this  difference  would  be 
diminished  by  keeping  the  water  in  motion,  and  the  more  rapid 
the  motion  the  less  would  be  the  difference." 

Experiments  with  Steam. — A  large  proportion  of  the  earlier 
experiments  on  heat  transmission  were  experiments  on  cooling, 
and  those  investigations  which  have  had  evaporation  in  view 
have  usually  been  conducted  with  steam  as  the  heating  agent, 
S3  that  we  still  require  experiments  with  higher  temperature 
differences  and  with  apparatus  more  suited  to  the  conditions 
of  the  inquiry  than  the  small  vessels  which  have  been  used  by 
Hirsch,  Blechynden,  Bryant,  and  others. 

Although  there  has  necessarily  been  movement  of  a  kind 
in  all  the  experiments,  yet  the  effect  of  increased  rates  of 
movement  has  not  been  much  inquired  into.  Of  the  early 
experimenters,  according  to  G.  A.  Hageniann,  only  Colding 
(whose  treatise,  dated  1864,  is  said  to  have  proved  the  com- 
plete correctness  of  Newton's  law)  attempted  to  determine 
the  inlluence  of  speed  on  cooling  ;  and  it  is  the  absence  of 
proper  provision  for  anything  but  very  restricted  movement 
that  greatly  detracts  from  the  value  of  the  experiments 
of   most  of   the  later  investigators.      Colding  reached   only  a 
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rough  approximation  to  a  law  for  the  inHuence  of  currents. 
Hagemann/  however,  carried  out  several  series  of  interesting 
experiments,  not  on  cooUng,  but  made  with  experimental 
apparatus  which  was  designed  in  view  of  the  evaporation  of 
sugar  and  other  liquprs  at  comparatively  low  temperatures. 
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Hngemann's  Experiments. — A  series  of  experiments  was  under- 
taken to  determine  the  itijiiience  which  speed  of  Jhnv  had  upon 
transmission  when  the  temperature-differences  were  constant  and  the 
steam  temperature  was  maintained  at  100°  C.     The  results  are 

'  Min.  Proc.  Inst.  C.E.,  Vol.  Ixxvii.,  pp.  311-322. 
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found  in  the  following  Table,  marked  2A,  and  are  graphically 
represented  by  the  darker  curve  in  Fig.  59,  where  the  velocities  of 
the  water  in  feet  per  second  are  set  off  as  abscissae,  and  the  corres- 
ponding heat-transmission  as  ordinates.  The  points  shown  by 
small  circles  were  determined  by  measurement,  and  the  points 
show-n  by  large  circles  w-ere  borrowed  from  lines  found  by  other 
experiments.  A  speed  of  o,  instead  of  giving  no  transmission, 
gave  a  very  perceptible  amount,  which  was  caused  by  the  streams 
generated  in  the  water,  the  same  circulation  which  renders 
possible  a  comparatively  rapid  heating  of  water,  in  spite  of  its 
being  a  bad  conductor.  At  a  temperature  difference  of  51°  C,  a 
speed  less  than  that  due  to  heating  alone  had  but  little  influence, 
but  with  a  greater  speed  the  influence  was  very  marked,  the 
transmission  increasing  rapidly,  though  not  quite  in  proportion 
to  the  speed. 

After  determining  the  influence  of  speed  at  a  temperature 
difference  of  51°  C,  another  series  of  experiments  was  under- 
taken to  find  the  influence  of  temperature  -  differences  at  constant 
speed.  The  results  are  marked  3,  4,  5  and  6  in  the  Table,  and 
are  graphically  represented  by  the  cui-ves  B,  C,  D.  and  E  in 
Fig.  60. 

The  data  for  determining  the  first  portion  of  the  curves  was 
wanting,  but  their  form  w^as  assumed  from  other  experiments 
and  a  comparison  with  the  boihng  or  evaporation  curve  of  the 
tube,  which  curve  is  show^n  at  F. 

From  these  results  it  appeared  that  heat-transmission  per 
degree  was  greatest  at  low-temperature  differences,  but  circum- 
stances prevented  the  determination  of  the  point  at  which 
maximum  transmission  was  reached.  Hagemann,  however, 
supposed  that  the  thermal  conductivity  of  the  heating  surface 
under  the  conditions  of  his  experiments  was  governed  by  the 
film  of  water  which  was  constantly  formed  and  renewed  on  the 
steam  side  of  his  metal  tube.  He  was,  no  doubt,  right  in  this,  as 
Peclet  had  previously  found  that  such  conditions  soon  imposed  a 
limit  to  heat  transmission.  Hagemann  also  undertook  a  series 
of  experiments  to  investigate  the  influence  of  speed  of  water  on  the 
heat  transmission^  which,  as  he  justly  observes,  is  an  important 
factor  to  be  considered.  The  results  of  this  series  are  given  in 
the  following  Table,  marked  8,  9,  10  and  11,  with  the  cur\-es 
G,  H,  I,  and  J,  shown  in  Fig.  60, 
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Table  XXVI. 

HAGEMANN  ON  TRANSMISSION  OF  HEAT. 
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Table  XXVII. 
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He  remarks  on  these  curves,  *'  It  is  a  natural  result  of  the 
method  of  experiment  adopted,  that  the  parts  of  the  curves  of 
transmission  actually  determined  are  not  greater  and  begin 
rather  high  up,  but  the  principal  result  obtained  previously,  namely, 
that  the  transmission  of  heat  increases  with  increasing  speed,  is 
further  confirmed,^'  These  are  amongst  the  most  important  of 
his  results,  and  tlieir  value  is  certainly  not  lessened  by  the  very 
sensible  and  modest  remarks  with  which  he  closes  his  excellent 
paper.  "  The  foregoing,"  he  writes,  "  are  the  results  of  a  series 
of  careful  experiments  on  some  of  the  conditions  affecting  the 
heat-transmitting  power  of  one  form  of  heating  surface,  from 
which  the  experimenter  hopes  practical  men  may  be  able  to 
obtain,  at  any  rate,  some  little  information.  No  attempt  is  made 
to  deduce  a  general  law  from  tiiese  experiments,  owing  to  their 
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comparatively  limited  range,  and  to  the  neglect  of  several 
important  factors,  such  as  the  form  and  position  of  the  heating 
sm-face,  the  thermal  conductivity  of  the  metal  forming  it,  and 
the  specific  heat  of  the  liquid  receiving  the  heat." 

It  would  be  well  if  all  experimenters  were  able  to  take  a 
similarly  comprehensive  view  of  the  problems  which  they  essay 
to  solve.  ^*  Laws "  and  "  rules "  have  often  been  hastily 
formulated  on  a  much  more  slender  basis  of  facts  than  those  of 
Hagemann's  careful  experiments  ;  no  doubt  under  the  mistaken 
notion  that  a  "law"  gives  permanence  to  the  experiments, 
instead  of  its  being  in  epitome  the  ultimate  truth  of  the  subject 
investigated. 

NichoVs  Experiments. — Some  good  experiments  on  surface 
condensation  of  steam  were  carried  out  in  1875  by  Mr.  B.  G. 
Nichol,^  the  condensing  water  having  been  passed  through  a 
brass  tube  \  in.  diameter  outside,  which  was  enclosed  in  an  iron 
pipe  3|  in.  diameter  outside  and  \  in.  thick,  leaving  a  space 
of  about  i\  in.  round  the  brass  tube  for  the  steam. 
•  The  condensing  tube  acted  more  efficiently  in  a  horizontal 
than  in  a  vertical  position  ;  a  result  said  to  be  the  reverse  of 
what  had  been  found  by  M.  Clement  when  condensing  in  air. 

The  following  are  the  velocities  of  the  water  through  the  tube 
in  feet  per  minute,  and  the  corresponding  number  of  (British) 
heat  units  absorbed  by  the  water  per  square  foot  of  heating 
surface  per  hour,  per  i^  F.  difference  of  temperature. 


VcrUcal  tube. 

Horizontal  tube. 

Velocity       

Heat  units    

81 
346 

278 
449 

390 
466 

78 

479 

307 
621 

41S 
696 

The  difference  of  temperatures  of  the  steam  and  the  con- 
densing water  were  255°— 58°=  197°. 

It  appears  from  these  experiments  that  the  efficiency  of 
the  heat-transmitting  surface  was  much  increased  by  an  increase 
in  the  velocity  of  the  movement  of  the  water.  The  velocity  of 
the  steam  over  the  cooling  surface   is  not  stated.     The  brass 


See  Engineering^  December  loth,  1875. 
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tube  had,  however,  a  cooling  surface  of  1*0656  square  feet, 
and  the  area  of  the  steam  space  was  77640  square  inches. 
The  brass  tube  was  5ft.  sins,  long,  and  the  weight  of  steam 
condensed  per  square  foot  of  tube  per  hour  was 

52-32  I  78-18  I  84-3411  67-8  I  104-6 1121-3  lbs. 
Professor  Set's  Results. — Some  systematic  investigations  of  the 
.effect  of  increase  of  velocity  upon  heat  transmission  have  been 
made  by  Professor  Ser  ^  of  the  College  of  Arts  and  Manufactures 
in  Paris,  whose  experiments  have  been  utilised  in  connection  with 
the  evaporation  of  liquids*  long  before  their  bearing  upon  boiler 
practice  was  appreciated.  In  determining  the  effect  of  the  rapid 
motion  of  water  over  the  heating  surface  he  used  the  following 
apparatus.'  (See  Fig.  61.)  It  consisted  of  a  thin  horizontal  copper 


FIG.  61. 

tube,  A  B,  of  a  foot  in  length  and  four  inches  internal  diameter, 
terminating  at  either  end  in  a  short  length  of  vertical  tube  with 
a  branch.  The  water  entered  at  C,  and  flowing  through  A  B, 
passed  out  at  D,  thermometers  a  and  b  being  respectively  placed 
in  the  vertical  chamber  at  each  end  of  A  B  to  show  the  tempera- 
ture of  the  water  on  entering  and  on  leaving  the  tube.  The 
tube  A  B  was  surrounded  by  a  jacket  or  casing  M  N  P  Q,  with 
branches  similar  to  the  end  chambers  of  A  B.  This  casing  was 
also  of  copper,  and  the  whole  apparatus  was  covered  with 
wadding  to  prevent  radiation.  Steam  was  passed  into  the  casing 


*  Traits  dc  Physique  Industriclle.    Vols. 

»  "  Evaporation  by  the  Multiple  System, 
p.  562.     Sunderland,  1895. 

»  "  Halliday's  Paper    Inst.    Marine    Engineers,' 
Engineer,"  Nov.  26,  1898,  p.  786, 


.  ii.     Paris,  1887-1891. 

by  James  Foster.   Second  Edition, 
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by  the  branch  at  E,  and  out  at  F,  its  temperature  at  entering 
and  issuing  being  taken  by  thermometers  at  m  and  n.  The 
temperature  of  the  heating  medium  being  constant,  the  effect  of 
giving  different  velocities  to  the  water  upon  the  rate  of  heat 
transmission  is  shown  by  the  following  figures  : — 

Table  XXVIII. 


Speed  of  water 

tnrough  tube ; 

metres  per  second. 

Coefficient  of 

heat 
transmission. 

Speed  of  water 

through  tube  : 

metres  per  second. 

Coefficient  of 

heat 
transmission. 

•I 

1,400 

7 

3,180 

•2 

2,230 

•8 

3,330 

•3 

2,550 

•9 

3.480 

•4 

2,710 

10 

3,640 

•5 

2,860 

ri 

3,800 

•6 

3,020 

These  results  have  been  graphically  represented  by  the 
following  curve,  and  they  deserve  much  attention,  seeing  that 
they  were  obtained  in  spite  of  the  very  short  travel  of  the  water 
through  the  tube  A  B,  and  also  tA  the  fact  that  the  currents  of 
both  steam  and  water  were  passed  in  the  same  direction — both 

of   these   being   conditions 
400Q  j  jiM  J  J  ii  lilJ  I  M  n  i  M  rm     which  militate  against  the 

most  favourable  result  being 
obtained. 

It  is  nevertheless  evident 
that  a  considerable  gain  in 
efficiency  of  transmission 
is  obtained  by  an  increased 
speed  of  movement  of  the 
water  over  the  heating 
surface,  the  curve  rising 
steadily  all  the  time,  al- 
though more  rapidly  at  the 
commencement,  between 
the  velocities  of  i  and  '3 
metre  per  second.' 


SPEED   IN    METRES    PER   SECOND. 

FIG.  62. 


*  Halliday's  Paper,  Inst.  Marine  Engineers, 
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Mr.  G.  Halliday  *  has  observed  that  from  the  latter  part  of  the 
curve — i,e,,  from  -3  to  I'l  metre  per  second — the  results  yield 
the  following  calculation  for  coefficient  of  transmission  : — 

Q  =  2,080  +  156  X  velocity  of  the  water, 
which  shows  that  the  increase  in  efficiency  is  proportional  to 
the  velocity. 

M.  Ser  has  himself  remarked  that  "  the  transmission  of  heat 
for  the  same  difference  of  temperature  is  more  than  tripled 
when  the  liquid  is  boiling,  which  is  due  to  the  greater  speed  in 
the  circulation  of  the  heated  liquid." 

Now,  the  application  of  this  fact  to  the  natural  motion  of 
water  when  boiling  is  not  the  best,  or  by  any  means  a  final  one  ; 
although  it  may  serve  to  show  that  certain  water-tube  boilers, 
or  feed  heaters,  on  account  of  the  restricted  size  of  their  water 
channels  or  passages,  must  have  a  more  rapid  circulation,  and 
therefore  should  give  better  results,  than  others.  The  question 
before  us  demanding  a  solution  is  not  (or  is  only  partially)  what 
is  the  speed  of  circulation  actually  attained  in  any  individual 
feed-heater,  or  boiler,  or  boiler-model ;  but  it  is,  what  is  the  best 
speed  for  the  water  so  that  the  greatest  amount  of  heat  trans- 
mission can  be  attained  ?  As  far  as  M.  Ser's  results  show,  the 
speed  may  be  increased  much  beyond  his  figures  with  corres- 
pondingly good  effect. 

Investigation,  by  the  same  experimenter,  of  the  effect  of 
motion  on  the  transmission  of  heat  to  air  or  gases,  yielded 
results  showing  advance  in  a  similar  direction.  In  this  case,  the 
experiments  were  carried  out  in  tubes  of  -25  metre  in  diameter 
having  fifty  radial  projections,  or  ribs,  similar  to  those  of  a  Serve 
tube.  The  height  of  these  projections  was  05  metre,  and  they 
had  a  thickness  of  008  metre  at  their  base,  and  002  metre  at  the 
top.  The  heating  surface  of  each  tube  was  5*40  square  metres 
one  being  placed  in  a  cylinder,  or  larger  tube,  leaving  for  the 
passage  of  the  air  to  be  heated  an  annular  space  of  -0488  of 
a  square  metre  in  sectional  area  ;  the  other  tube  was  placed  in 
a  rectangular  box,  which  gave  a  spiice  round  the  tube  for 
the  air  passage  of  098  square  metre  in  sectional  area — the 
area  of  the  one  passage  was  thus  practically  double  that  of 
the  other. 

*  Trans.  Inst.  Marine  Enj^'inccrs,  Vol.  x,  77II1  Paper,  p.  i,^. 
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The  following  are  the  results  obtained  : — 
Table  XXIX. 


Sectional  area  of  pam»ti*  tor  air.  -098  tquare  metre. 

Sectional  area  ot  passage  for  air,  -0488  square  metre. 

Speed  through  the  panage 
in  metres  per  wcond. 

Coefficient  in  caloriet  per 
square  metre  per  hour. 

Speed  through  the  passage 
in  metres  per  second. 

CoefKcient  in  calories  per 
square  metre  per  hour. 

■42 

480 

II37 

6-8 

■48 

4-12 

1-318 

7-66 

■57 

4-82 

1-350 

774 

•58 

482 

1-369 

788 

•65 

488 

1-648 

8-56 

•68 

498 

,                    1684 

8-66 

75 

506 

1-884 

942 

•80 

594 

1-930 

9-00 

1047 

752 

1                   2360 

10-44 

These  results  show  that  there  is  a  decided  advantage  in  increas- 
ing the  velocity  of  travel  of  the  gaseous  body,  and  that  the 
transference  of  heat  increases  in  a  greater  ratio  at  the  higher 
velocities. 

C.  R.  Lang's  Experiments. — Amongst  the  most  interesting,  and 
certainly  the  most  successful,  of  experiments  involving  the  trans- 
mission of  heat  from  steam  to  water  across  metal,  are  those  of 
Mr.  C.  R.  Lang*  on  evaporation.  Mr.  Lang's  experiments  were 
carried  out  in  a  Weir's  evaporator  of  the  ordinary  type,  used  to 
make  ten  tons  of  fresh  water  per  day  of  24  hours.  It  is  shown 
in  Figs.  63, 64,  and  65.  The  shell  consisted  of  a  steel  cylindrical 
vessel,  3ft.  diameter  by  4ft.  3in.  long.  The  heating  surface  w^as 
composed  of  12  solid-drawn  copper  tubes  liin.  external  diameter 
(i  Jin.  internal  diameter),  giving  a  total  heating  surface  of  38  square 
feet.  The  tubes  were  bent  to  the  shape  known  as  the  "  horse- 
shoe "  or  U  shape,  and  were  arranged  horizontally  in  the  bottom 
part  of  the  cylinder,  in  diagonal  rows  for  convenience  of  scaling. 
The  shape  also  gave  a  certain  freedom  of  expansion  w^ithout 
causing  any  strain  upon  the  joints  at  the  ends.     The  tubes  were 


*  "On  Evaporation,"  hv  C.  R.  Lang. 
Scotland,  Vol.  xxxii.,  p.  287  (i8«9). 


Trans.  Inst.  Eng.  and  Shipbuilders  in 
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also  arranged  with  Messrs.  Weir's  device  of  contracted  ends 
and  a  return  tube,  this  being  an  arrangement  which  in  practice 
was  found  to  cause  the  steam  to  pass  continually  and  equally 
through  all  the  tubes,  preventing  any  lodgment  of  air  or  water 
in  them  to  impair  the  efficiency  of  the  surface,  whilst  the  return 
tube  carried  off  all  the  condensed  water  ;  and  any  steam  which 
passed  uncondensed  through  the  contracted  ends  of  the  other 


fllONT    CLfVAllON    or   IVAPOKATOK 
FIG.   63. 

tubes  was  condensed  in  it.  The  experiments  were  carried  out 
in  seven  distinct  sets  of  three  to  live  different  experiments,  with 
a  different  initial  steam  pressure  in  the  tubes  for  each  set,  the 
steam  pressure  in  the  shell  being  raised  through  each  set.  The 
first  three  sets  were  carried  out  with  the  full  amount  of  heating 
surface,  but  it  was  found  that  at  higher  pressure  the  supply  of 
steam  from  the  boiler  was  inadequate,  and  in  the  last  four  sets 
the  surface  was  reduced  to  21-95  square  feet  by  plugging  up 
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both  ends  of  five  of  the  tubes.  Salt  water,  having  a  density  of 
19  oz.  of  salt  to  the  gallon,  was  used  in  the  evaporator.  The 
steam  evaporated  from  the  salt  water  could  be  either  led  to  a 
condenser  or  blown  direct  to  the  atmosphere. 

Pressure  gauges  showed  the  pressures  in  the  direct  tubes,  in 


BCCTIONAL    CLCVATION.OP   CVAPOHATOII 
FIG.  64. 


0* 


tCCTIONAL    Mk*M    or    CVAPORATOII     TUK« 

FIG.   ^5. 


the  return  tube  and  in  tlie  steam  space  of  the  shell.  The  area 
of  the  12  tubes  at  i|  in.  internal  diameter  is  147252  square 
inches,  and  that  of  seven  tubes  of  same  diameter  is  85897  square 
inches.  On  account  of  the  bend  in  the  tubes  the  velocity  of  the 
passage  of  the  steam  through  them,  which  would  be  simply  due 
to  the  difference  of  pressure,  would  be  slightly  diminished.     It  is 
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remarkable  that  the  best  results  were  obtained  with  the  smaller 
amount  of  heating  surface  and  the  higher  pressures  of  steam, 
causing  a  greater  velocity  of  steam  through  the  tubes  in  these 
experiments.  In  the  cases  of  the  first  (Ai)  and  the  last  (G4) 
experiments  in  the  following  table,  the  linear  velocity  of  the 
steam  \vas  149  feet  per  second,  and  475  feet  per  second. 
The  results  of  the  experiments  are  given  in  Table  XXX« 
Regarding  this  Table,  Mr.  Lang  remarked,  "  Column  10  gives 
the  actual  weight  of  boiler  steam  condensed  in  the  tubes  per 
hour,  taken  by  a  weighing  machine  (Pooley^s).  The  total  heat 
given  up  by  each  pound  of  steam  condensed  in  the  tubes  was 
plainly  the  difference  between  the  total  heat  of  the  steam  entering 
the  tubes  and  the  total  heat  of  the  water  leaving  the  drain  valve. 
Thus,  let 

Q=a  quantity  of  steam  condensed  in  tubes  (in  lbs.  per  hour). 

S=total  heating  surface  (in  square  feet). 

H=No.  of  heat  units  given  up  per  lb.  steam  condensed  in  tubes. 

T=temperature  of.  steam  in  tubes  (in  degrees  F.). 
/=  „  „  shell  „ 

Lslatent  heat  of  steam  in  shell. 
Then  the  heat  units  transmitted  per  square  foot  of  heating  sur- 
face per  hour  =  ^  -  (Column  14). 
Lbs.  water  evaporated  per  square  foot  per  hour 

=1"  (Column  15). 
Heat  units  transmitted  per  square  foot  per  hour  for  1°  F.  differ- 
ence of  temperature  =  -^  -  (Column  16). 
Lbs.  water  evaporated  per  square  foot  per  hour  for  1°  F.  differ- 
ence of  temperature  =  ^^^ (Column  17)." 

oL(  i  — /) 

The  leading  relations  between  these  figures  are  shown  graphi- 
cally in  various  sets  of  curves,  of  which  the  specimen  on  page  143 
is  reproduced  as  bearing  most  directly  on  our  immediate  sub- 
ject. In  Fig.  66  the  ordinates  show  the  number  of  heat  units 
transmitted  per  square  foot  of  heating  surface  per  hour  for 
1°  F.  difference  of  temperature,  the  abscissae  showing  the 
number  of  degrees  F.  difference  of  temperature  between  the 
tubes  and  the  shell 
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Several  of  the  curves  show  graphically  the  facts  set  forth  in 
column  16,  by  attaining  a  maximum  height  and  then  descending. 
Mr.  Lang  observed  that  "  this  seems  to  indicate  that  for  each 
pressure  in  the  tubes  there  is  a  corresponding  pressure  in  the 
shell  at  which  the  efficiency  of  the  evaporator  is  a  maximum  ; 
and,  further,  that  if  we  draw  a  curve  which  will  be  a  medium 
between  all  the  curves,  the  new  curve  will  show  the  increase  of 
efficiency  of  the  evaporator  as  the  difference  of  temperature 
increases.     This  curve  is  shown  dotted  in  Fig.  66."      It  seemS| 

Heat  units. 


n'i|'ni  1 

40 

D€igrees  F.  Difference  of  Temperature. 
no.  66. 


however,  to  be  more  likely  that  the  transmission  of  heat  was 
hindered  beyond  a  certain  point  by  the  want  of  rapid  circula- 
tion of  the  water  in  the  shell.  The  shell  contained  about  885  lbs. 
of  water,  and  in  the  various  short  periods  through  which  the  ex- 
periments extended,  the  actual  quantity  fed  in  would  necessarily 
be  small,  because  at  the  highest  rate  of  evaporation  attained, 
viz.,  140-23  lbs.  per  square  foot  per  hour,  the  total  quantity  re- 
quired per  hour  would  be  3,078  lbs.,  or  little  more  than  three 
times  (about  3^  times)  the  original  quantity  contained  in   the 
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shell.  The  circulation  of  the  water  would,  therefore,  be  practi- 
cally dependent  only  on  the  movement  produced  by  the  heat 
and  steam  in  the  water  in  the  shell  (i.e,  it  would  not  be  assisted 
by  the  introduction  of  colder  feed  water),  and  the  arrangement 
of  heating  tubes  is  such  as  would  not  assist  the  descent  of  the 
water  to  the  lower  rows.  It  is  in  favour  of  the  chance  of  free- 
dom of  circulation,  however,  that  one  side— the  incoming  side— 
of  the  U  tubes  is  shown  by  the  Table  to  have  been  some  degrees 
hotter  than  the  other  side,  and  consequently  the  whole  body  of 
the  water  would  tend  to  ascend  at  that  side,  and  descend  at  the 
other  side  of  the  shell.  Even  at  the  best,  however,  it  would  not 
be  very  rapid  movement,  and  it  is  more  than  likely  that  the 
efficiency  of  the  evaporator  was  limited  by  the  circulation, 
it  was  distinctly  in  favour  of  these  experiments  that  the  lower 
and  higher  degrees  of  temperature  were  thus  properly  applied  in 
relation  to  the  direction  of  movement  of  the  water,  so  that  the 
descending  water  was  exposed  to  the  lowest  degree,  and  then 
the  highest  temperature  and  the  ascending  v^-ater  met.  This 
was,  no  doubt,  what  the  apparatus  adjusted  itself  to  in  the  natural 
course  of  its  action,  but  it  was  an  element  in  its  successful 
working.  Had  the  movement  of  the  water  been  made  more 
rapid,  probably  a  better  result  would  have  followed.  Never- 
theless, the  results  obtained  with  it  have  surpassed  any 
others  as  yet  obtained  in  transmitting  heat  from  steam  to 
water. 

Mr.  Lang  justly  remarks  on  this  point  :  "  On  comparing  our 
results  with  those  previously  obtained,  we  find  that  the  best 
results  hitherto  published  have  been  those  of  Peclet.  Using  a 
copper  tube,  137*8  feet  long,  1-36  in.  outside  diameter,  made 
into  a  coil,  with  steam  at  45  lbs.  pressure  admitted  freely  into  one 
end  of  the  tube,  his  highest  result  was  948  units  of  heat  trans- 
mitted per  square  foot  of  heating  surface  per  hour  for  1°  F. 
difference  of  temperature.  In  another  experiment,  using  two 
coils  of  copper  pipe,  525  ft.  long,  1*36  in.  diameter,  he  obtained 
a  still  higher  result,  viz.,  1,120  units.  These  results  have  usually 
been  looked  upon  as  inaccurate,  as  being,  in  fact,  too  high,  but 
on  referring  to  column  16,  it  will  be  seen  that  not  only  have  we 
reached  the  same  figures,  but  that  many  of  our  results  are  a  good 
way  ahead  of  Peclet 's,  his  highest  result  being  1,120,  while  our 
highest  is  1,334." 
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The  results  of  the  experiments  F  No.  4  and  G  No.  4,  although 
not  the  highest  in  point  of  number  of  heat  units  transmitted  per 
degree  difference  of  temperature,  are  most  remarkable  from  the 
point  of  view  of  quantity  of  water  evaporated  per  square  foot  of 
surface  per  hour,  one  showing  13533  lbs.  of  water  evaporated, 
where  the  temperature  difference  was  997°  F.,  and  the  other 
140*23  lbs.  of  water,  with  a  temperature  difference  of  1067°  F. 
The  results  of  D4,  E5,  F3  and  4  and  G2,  3  and  4,  form  a  remark- 
able series  of  evaporative  results  in  connection  with  the  subject 
of  the  utilisation  of  heating  surface  in  steam  boilers,  and  they 
ought  to  prevent  any  rash  conclusions  as  to  the  rate  of  heat 
transmission  in  steam  raising,  based  merely  on  trials  of  boilers 
or  of  apparatus,  which,  in  the  light  of  these  results,  should  be 
acknowledged  to  be  imperfect. 

Experiments  with  Fire  Gases. — We  have  now  to  consider  experi- 
ments made  with  fire  gases  or  flame  as  the  heating  medium,  and 
it  is  at  once  manifest  that  we  are  here  confronted  with  enor- 
mously greater  temperature  differences  than  those  which  have 
obtained  in  the  experiments  already  considered.  At  the  first 
glance  we  should  therefore  expect  to  see  much  larger  results  in 
heat-units  transmitted  and  water  evaporated  per  square  foot  of 
heating  surface.  Instead  of  that,  however,  we  are  face  to  face 
with  the  fact  that,  except  in  one  or  two  experiments,  the  best 
results  hitherto  obtained  have  been  far  below  those  which,  as  we 
have  just  seen,  are  attained  in  practice  in  evaporation  by  means  of 
steam.  That  is  unfortunately  the  result  in  boilers  considered  as 
a  whole,  but  these  low  results  are  undoubtedly  due  to  the  greater 
extent  of  heating  surface  which  such  boilers  possess,  in  com- 
parison with  other  apparatus,  a  great  part  of  which  surface  is  so 
used  as  to  be  very  inefficient,  whilst  its  presence  reduces  the 
apparent  efficiency  of  the  more  useful  portions.  Evidence  of 
this  is  to  be  found  in  the  records  of  some  early  experiments  with 
boilers  which  were,  however,  undertaken  to  ascertain  only  the 
manner  in  which  the  heat  of  the  furnace  was,  as  it  was  imagined, 
inevitably  distributed  over  the  boiler  surfaces.  Qualitative 
experiments  were  made  by  Robert  Stephenson,  Mr.  Edward 
Woods,  Mr.  Dewrance,  and  others,  including  Mr.  C.  Wye 
Williams,  a  good  account  of  which  will  be  found  in  Mr.  D.  K. 
Clark's  work  on  **  The  Steam  Engine  "  (Vol.  i.  pp.  75^1).  In 
general  they  all  bore  witness  to  a  much  more  active  evaporation 
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at  the  fire-box  end  of  the  boiler,  which  result  was  as  generally 
ascribed  solely  to  the  action  of  radiant  heat. 

Graham's  Experiments, — Mr.  John  Graham  pubHshed  in  the 
Memoirs  of  the  Literary  and  Philosophical  Society  of  Man- 
chester *  the  record  of  some  careful  experiments  on  the  evapora- 
tive functions  of  steam  boilers,  which  he  had  carried  out  in 
1858.  In  the  course  of  these  he  endeavoured  to  ascertain  the 
proportion  of  the  total  evaporation  which  was  due  to  different 
portions  in  the  length  of  a  cylindrical  boiler,  by  dividing  the 
boiler  into  sections  of  3  ft.  long,  as  in  Fig.  67.  The  three  cylinders 
were  of  plate  \  in.  thick,  3  ft.  diameter,  and  3  ft.  long.  They  were 
placed  end  to  end  on  a  brick  setting,  so  as  to  form  practically  a 
boiler  of  9  ft.  long.  A  grate  3  ft.  long  and  2  ft.  wide  was 
placed  9^  in.  below  the  first  section,  with  a  concentric  flue  of 


FIG.  67. 


4  in.  radial  width,  extending  under  the  two  succeeding  cylinders, 
and  carried  up  on  each  side  to  the  level  of  their  centres.  The 
fire  bars  were  \  in.  thick,  with  ^  in.  air  spaces,  and  the  grate 
area  was  6  sq.  ft.  The  heating  surface  of  the  sections  in  their 
order  from  the  grate  end  was  10*53,  I4*i3  ^^^  ^4*13  sq.  ft. 
respectively,  making  a  total  of  3879  sq.  ft.  This  is  practically 
the  same  extent  of  heating  surface  as  in  the  evaporator  used  in 
Mr.  Lang^s  experiments,  but  no  further  comparison  between 
them  is  possible,  because  the  surface  in  Mr.  Graham's  boiler 
was  so  badly  disposed  for  utilisation  of  the  heat.  The  only  point 
of  interest  in  the  results  is  that  of  the  proportion  of  the  total 
evaporation  which  is  due  to  the  various  sections.  The  averages 
of  numerous  experiments  showed  that  if  the  evaporation  of  the 
first  were  taken  as  100,  the  second  and  third  sections  were 
represented  by  393  and  17*1  respectively. 

1  Vol.  XV.  (i860),  page  8. 
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A  sinilar  result  was  obtained  in  one  series  of  Mr.  Wye 
Williane'  experiments,  where  he  used  a  6  ft.  boiler  and  a  2  ft. 
boiler  in  different  positions.  When  the  2  ft.  boiler  was  placed 
second  in  the  course  of  the  hot  gases  from  fire  to  chimney,  it 
evaporated  only  80  lbs.  and  86  lbs.  of  water  per  hour,  but  when 
placed  first  it  evaporated  417  lbs.  per  hour. 

Northern  Railway  of  France  Experiments, — The  most  elaborate 
and  useful  experiments  carried  out  on  this  part  of  our  subject 
were  undoubtedly  those  of  the  engineers  of  the  Chemin  de  Fer 
du  Nord  (Northern  Railway  of  France).  The  records  of  these 
experiments  are  found  in  writings  of  M.  C.  Couche^  and  M.  Paul 
Havrez,*  and  in  English  in  "  The  Steam  Engine,"  by  Mr.  D.  K. 
Clark. 


FIG.  68. 


The  boiler  of  a  small  goods  engine  was  prepared  for  these 
experiments  by  being  separated  into  five  sections  by  the  insertion 
of  tube  plates  (see  Fig.  68),  the  fire-box,  with  a  small  length  of 
tubes  (3^  in.),  forming  the  first  section.  "  The  fire.-box  was  3  ft. 
square,  presenting  a  grate  area  of  9  sq.  ft.,  and  a  heating  surface 
of  60*28  sq.  ft.  There  were  125  tubes,  12  ft.  4  in.  long,  and  about 
I J  in.  in  diameter.  The  barrel  of  the  boiler  with  the  tubes  was 
divided  into  four  sections,  each  301  ft.  iti  length.  Each  section, 
together  with  the  fire-box  portion,  was  closed  at  the  ends  by 
tube  plates  and  made  steam-tight,  to  be  tried  under  steam  of  the 

*  Chemins  de  Fer,  voie  et  material  roulant,  by  M.  C.  Couche,  1876,  Vol.  iii., 
p.  32.    Paris,  Dunod. 

»  Annals  du  Genie  Civil,  1874,  p.  521  ;  also  Min.  Proc.  Inst.  C.E.,  Vol.  xxxiz., 
i875i  P-  39^.  and  "  The  Steam  Engine,"  by  D.  K.  Clark,  Vol.  i.,  pp.  84—90. 
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ordinary  working  pressure.  The  draught  was  excited  b\  a  blast 
of  steam  from  another  boiler."  '*  The  fire-box  section  contained 
i6  cubic  ft.  of  water,  and  each  tubular  section  held  iij  cubic  ft. 
Each  section  was  fed  from  a  gauged  tank  by  a  special  donkey- 
pump,  and  the  water  levels  were  maintained  strictly  uniform. 
Each  section  was  fitted  with  a  steam  chest,  a  pressure  gauge, 
and  a  safety  valve.  The  conditions  of  the  trials  were  varied  by 
plugging  half  the  number  of  tubes."  The  heating  surface  was 
as  follows  : — 

Tubes  all  Half  tubes 

Heating  surface.  open.  closed. 

ist  section  (fire  box  6o*: 
jnd      „ 
3rd      „ 


4th 
Sth 


28,  tubes  1615)     7643  sq.  ft.  65*9  sq.  ft. 
179           r  89s      „ 

179  .,  895  M 

179  n  89-5      „ 

179  »,  895      „ 


Total  surface        792'43      v      4239      v 

The  total  heating  surface  is  equal  to  88  times  the  fire-grate 
area. 

The  results  of  three  series  of  these  most  interesting  trials  are 
given  in  the  following  Table.  In  the  first  and  second  series, 
coke  and  briquettes  were  the  fuels  used,  and  in  the  third  series, 
with  briquettes  for  fuel,  half  the  tubes  were  closed  by  being 
plugged  at  the  fire-box  end.  The  force  of  draught  was  gradually 
increased  in  each  series  from  20  to  100  millimetres  of  water, 
measured  in  the  smoke  box.  In  regular  work,  the  vacuum  varied 
from  20  to  80  millimetres,  or  from  about  |  inch  to  3I  ins. 

From  the  Table,  it  will  be  seen  that  **  from  two-fifths  to  one- 
half  of  the  whole  quantity  of  water  was  evaporated  from  the 
surface  of  the  fire-box  section,  although  this  surface  was  less 
than  one-tenth  of  the  whole  heating  surface.  Per  square  foot  of 
the  respective  surfaces,  the  evaporation  from  the  fire-box  section 
amounted  to  from  two  to  three  times  that  of  the  first  section  of 
tube  surface."  The  figures  of  quantity  of  water  evaporated  per 
square  foot  of  heating  surface  in  columns  7,  9,  11,  13,  and  15, 
also  show  rates  of  from  20  to  447  lbs.  obtained  in  the  first 
section,  with  immediate  falling  off  in  the  second  and  following 
sections,  whilst  the  evaporation  from  the  boiler  as  a  whole — ^per 
square  foot  of  heating  surface — varied  from  418  to  i6'2o  lbs. 


THt  MODERN  STEAM  BOILER. 


145 


a 
o 

Q 

b 

U 

Q 


u 

X 
06 

0 

GQ 

U 

> 

o 

o 
o 

.J 

at. 
O 

14 
O 

< 
s 
ec 

o 

b. 
OS 

0. 


< 
OS 


5 

b2 

o 


g 

z 

1 


i2 


I 


1 

si 
ti 

^  »r.  r*  *>»  r* 

t 

tHlg 

1 

1 

'- 

5 

mC^«->o'tC 

1 

1 

1  m 

r' 

'       M    M    ri    M 

? 

M  «  N  r* 

g 

I'- 

2  5SH 

ro 

sUll 

i^ 

1^ 

i-  «  «  com 

? 

w  w  m  m  V 

5! 

ji 

8«?lRS 

I 

HISS 

8 

1^ 

1/5 

^ 

h 

Itsll 

?spi 

^ 

1 

--222 

s 

.^xppOO  p 

If. 

h 
i 

0  m  0  >-«  >o 

1 

?llll 

^ 
R 

^ 

l^afei's. 

f 

1 

H 

Kg  «  MOO 

^   N  «  N  « 

1 

I-"  W  n"  m  cf 

f 

t 

i 

-sm 

E 

P^Ovp  p.00 

I 

1 

00 

flip 

00 

"8 

•s 

i 

1 

iT 

mu 

8^£8 

9%3SS 

1 

: 

: 

: 

< 

1 

:    1 

: 

<  ! 

I 

I 

t 


I 

I 
I 

I 


mu 

III!! 

t 

mni 

? 

^^H^ 

& 

I 

&bS5  2 

in 

^!MI 

i 

f^llS 

1 

=  62g«, 

-5IIS? 

? 

tlBI 

1 

R^£8 

8 
I 


I' 

r 

<  I 


146  THE  PRACTICAL  PHYSICS  OF 

The  important  fact  is  that  a  rate  of  evaporation  amounting  to 
nearly  50  lbs.  of  water  per  square  foot  of  heating  surface  was 
obtained  from  a  part  of  a  boiler — and  if  from  a  part,  why  not 
from  a  whole  boiler  ?  Moreover,  the  Table  conveys  the  signifi- 
cant fact  that  the  rate  of  evaporation  was  greatly  affected  by 
the  velocity  of  movement  of  the  hot  gases,  as  indicated  by 
the  varying  force  of  draught  used  and  the  area  of  the  flue 
tubes. 

Thus,  with  briquettes  for  fuel,  and  all  the  flue  tubes  open,  the 
figures  were: — 

Force  of  draught — millimetres        20       40        60        80      100 
Evaporation  in  ist  section,  lbs. 

per  sq.  ft.  of  surface  ...     235     307     38-2     429     38'9 

whilst  with  the  same  fuel  and  half  the  flue  tubes  closed,  the 
figures  for  evaporation  were,  for  the  same  draught  pressure — 

26' S  30*1  39*6  43*6  447. 
The  effect  of  reducing  the  flue-tube  area  by  one  half  for  the 
same  draught  pressures,  would  be  to  cause  a  more  rapid  rate  of 
movement  over  the  heating  surface,  and  in  those  tubes  which 
were  open,  and  hence  the  evaporation  in  all  the  sections  of  the 
boilers  was  increased  in  the  trial  made  under  these  conditions. 
The  above  are  the  figures  for  the  first  section  of  the  boiler,  but 
the  evaporation  in  the  other  sections  was  increased  in  greater 
proportion. 

Fig.  69  shows  in  a  graphic  manner  the  distribution  of  heat 
in  the  various  sections  of  the  boiler. 

Hirsch^s  Expet  intents. — Some  similar  phenomena  were  shown 
in  the  results  of  experiments  carried  out  by  M.  J.  Hirsch,*  at  the 
Conservatoire  des  Arts  et  Metiers,  at  Paris — perhaps  the  most 
important  as  yet  published.  These  experiments  were  divided 
into  three  parts,  comprising  : — 

:';•  I.  Investigation  of  the  rate  of  evaporation  in  the  part  of  a 
boiler  most  exposed  to  the  heat  of  the  fire  and  liable  to  over- 
heating ; 

II.  Experiments  on  the  transmission  of  heat  through  metal 
plates,  from  flame  on  one  side  to  water  on  the  other  ;  and 

*  Published  in  Annales  du  Conservatoire  des  Arts  ct  Metiers,  Paris, 
2nd  series  Vol.  i.,  and  in  Bulletin  de  la  Societe  d'encouragement  pour 
rindustrie  Nationale,  4th  Ser.,  Tome  v.  (May,  1890),  p.  302  ;  also  Abs.  in  Min. 
Proc.,  Inst  C.E.,  Vol.  cviii.,  p.  464. 
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III.  A  special  study  of 
the  effects  of  a  coating  of 
oil  or  grease  on  the  con- 
ductivity of  the  coated 
surface. 

I.  Evaporation.  —  In 
connection  with  the  first 
part,  M.  Hirsch  rightly 
pointed  out  that  the 
figures  usually  given  to 
express  the  rate  of  evapo- 
ration in  boilers  per 
square  metre  (or  per 
square  foot)  of  heating 
surface,  are  only  averages 
obtained  by  dividing  the 
total  evaporation  by  the 
total  area  of  surface  ex- 
posed to  the  action  of 
heat.  They  do  not  afford 
any  idea  of  the  actual 
intensity  of  evaporation 
at  any  one  point,  and  yet 
it  is  well  known  that  in 
the  neighbourhood  of  the 
fire  the  rate  of  evapora- 
tion must  be  much  greater 
than  at  other  points  far- 
ther removed  from  it.  In 
no  boilers  hitherto  made 
is  there  anything  like  a 
uniform  rate  of  evapora- 
tion at  all  parts  of  the 
surface.  Consequently, 
it  becomes  important  to 
learn  what  is  the  maxi- 
mum rate  in  those  parts 
which  are  more  directly 
subject  to  the  action  of 
the  fire. 
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With  a  view  to  ascertain  this,  M.  Hirsch  took  a  cyhndrical 
boiler  10  ft.  long  and  2  ft.  2  ins.  diameter,  with  heating  surface 
amounting  to  35}  sq.  ft.  There  were  horizontal  feed-heaters 
added,  with  a  surface  of  107^^  sq.  ft.,  so-»that  boiler  and  feed- 
heater  together  had  a  total  heating  surface  of  142I  sq.  ft..  The 
grate  area  was  385  sq.  ft.  and  a  blower  was  applied  for  the 
higher  rates  of  combustion.  A  small  portion  of  the  surface  of  the 
boiler,  directly  over  the  iire,  just  in  front  of  the  bridge,  was 
isolated  by  means  of  a  vertical  tube  being  bolted  to  the  plates,  a 
joint  being  made  with  asbestos  and  india  rubber.  The  tube  was 
of  copper,  4  ins.  diameter,  and  extended  above  the  water  level  in 


FIG.  70. 


the  boiler,  with  a  cover  to  prevent  its  liquid  contents  being  pro- 
jected out  of  the  tube,  whilst  the  steam  generated  in  it  could 
escape  into  the  steam  space.  The  heating  surface  of  the  tube  was 
19*3  sq.  ins.,*  and  it  was  separately  supphed  with  water,  which 
was  maintained  at  the  same  level  as  in  the  boiler.  Previous  to 
an  experiment,  the  boiler  was  heated  for  several  hours  and  com- 
munication was  then  cut  off  between  it  and  the  experimental 
tube.  During  the  trials  the  steam  pressure  was  kept  at  about 
60  lbs.  per  sq.  in. 

The   arrangement   of   the   apparatus   is   shown   in    Figs.  70, 

*  How  this  was  arrived  at  does  not  appear  in  the  paper,  as  the  tube  was 
heated  entirely  throui;h  the  plate  at  its  bottom  end,  and  therefore  the  area 
of  heating  surface  should  apparently  De  12*566  sq.  ins.,  or  a  fraction  over  that. 
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71,  and  72,  in  which  A  is  the  cyHndrical  boiler,  C  the  grate, 
D  the  bridge,  F  the  Hues,  L  the  safety  valve,  S  the  man-hole, 
T  the  experimental  tube,  and  N  the  water  gauge  :  B  B  are  the 
feed-heaters.  In  M.  Hirsch's  paper,  the  results  of  the  experi- 
ments are  tabulated,  showing  the  total  consumption  of  coal 
or  coke  and  of  water  ;  the  consumption  of  fuel  in  kilogrammes 
per  square  metre  of  grate  surface  per  hour,  and  the  evaporation 
of  water  in  litres  per  square  metre  of  heating  surface  per  hour 
(i)  in  the  cylindrical  boiler  alone,  (2)  with  the  feed-heaters 
added,  and  (3)  in  the  experimental  tube. 

With  different  degrees  of  force  of  draught  and  intensity  of 


kk;.  71. 


KIG.  72. 


tire,  the  consumption  of  fuel  per  hour  per  square  foot  of  grate 
varied  from  16  lbs.  to  48  lbs.  M.  Hirsch  remarked  that  in 
general  the  evaporation  in  stationary  boilers  of  this  form  ranges 
from  1*6  to  2-4  lbs.  of  water  per  hour  per  square  foot  of  heating 
surface.  In  this  boiler  under  (i),  it  ranged  from  9*5  to  20  lbs. 
per  square  foot  of  surface  per  hour  ;  under  (2),  from  24  to 
5*2  lbs.  ;  but  under  (3),  in  the  tube  covering  the  highly  heated 
portion  of  surface,  the  rate  of  evaporation  was  from  21  lbs.  to 
50  lbs.  per  square  foot  per  hour. 

This  is  undoubtedly  a  good  result,  but  it  will  be  apparent,  on 

examination  of  the  sectional  elevation  of  the  boiler  and  tube. 

hat  the  experimental  tube  was  of  such  a  limited  size  and  was 
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so  arranged  as  to  present  great  difficulties  in  the  way  of  the 
proper  circulation  of  the  water  in  it,  and  consequently,  that  even 
a  better  evaporative  result  might  have  been  obtained  with 
a  better  arrangement.  The  heating  took  place  only  at  one  end 
of  the  tube,  because  when  the  water  was  boiling  in  both  tube 
and  boiler  there  could  be  no  heating  through  the  sides  of  the 
tube,  all  being  at  the  same  temperature,  and  all  the  circulation 
possible  was  that  which  could  take  place  within  the  limits  of  the 
tube,  the  upward  and  downward  currents  having  each  to  find 
d  passage  for  itself.  At  the  rate  of  evaporation  noted,  it  is 
probable  that  the  circulation  could  only  have  been  pulsatory, 
the  water  finding  its  way  down  after  each  outburst  of  steam. 
Under  the  circumstances  described  it  is  remarkable  that  so  high 
a  rate  of  evaporation  was  attained.  The  presence  of  a  con- 
centric tube,  or  of  some  form  of  diaphragm  to  direct  the  currents, 
would  in  all  probability  have  improved  the  result. 

II.  Heat  Transmission. — In  dealing  with  the  conditions  under 
which  transmission  of  heat  takes  place,  M.  Hirsch  adopted 
the  division  of  the  subject  usual  since  Fourier,  and  considered 
(i)  the  exterior  conductivity  from  hot  gases  to  metal,  (2)  the 
interior  conductivity  of  the  metal  itself,  and  (3)  the  exterior 
conductivity  from  iron  to  w-ater.  It  is  in  the  first  division 
that  the  greatest  losses  of  heat  have  taken  place  almost 
universally  hitherto  in  boiler  practice,  although  mal-arrange- 
ment  may,  and  no  doubt  often  does,  give  a  bad  result 
in  the  third  division  also.  The  interior  conduction  in 
a  homogeneous  metal  is  nearly  constant,  and  once  the 
permanent  state  of  affairs  between  the  two  faces  is  estabHshed, 
the  temperature  varies  with  the  distance  between  them  according 
to  an  arithmetical  progression,  and  the  quantity  of  heat  which 
traverses  the  plate  is  proportional  to  the  difference  between  the 
temperatures  of  two  points  situated  at  infinitely  small  distances 
from  the  tw^o  faces. 

As  to  exterior  conduction,  or  the  property  in  virtue  of  which 
exchanges  of  heat  take  place  between  metal  and  fluids  bathing 
its  surfaces,  the  laws  which  govern  these  exchanges  are,  as 
M.  Hirsch  remarked,  not  well  understood,  but  it  is  certain  that, 
all  things  being  equal,  the  rate  of  transmission  increases  when 
the  difference  of  temperature  between  the  metal  and  the  fluid 
in  contact  with  it  becomes  greater. 
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It  is  also  certain  that  this  transmission  is  influenced  by  the  con- 
dition of  the  surface  of  the  metal,  by  the  movement  of  the  fluids, 
etc.  The  transmission  of  heat  through  the  metal  and  also  from 
the  metal  to  the  water  takes  place  very  readily,  so  that  with  a 
very  small  difference  between  the  temperature  of  the  iron  and 
that  of  the  water,  heat  passes  in  large  quantities  freely — always 
provided  that  there  are  no  thick  incrustations  or  coatings  of  oily 
matters.  The  communication  of  heat  from  a  liquid  is  much 
more  active  than  from  a  gas,  so  that  the  face  next  the  water  is 


FIG.  73. 


never  much  higher  in  temperature  than  the  water,  whilst  the  other 
face  is  at  a  much  lower  temperature  than  that  of  the  hot  gases. 

In  investigating  these  matters,  M.  Hirsch  employed  the 
arrangement  of  apparatus  shown  in  Figs.  73,  74,  and  75,  con- 
sisting of  a  circular  disc  of  fine  boiler  plate,  A  A,  10  millimetres 
(about  f  in.)  thick,  and  40  millimetres  (or  157  ins.)  diameter, 
machined  on  both  surfaces.  A  cylinder  of  copper,  H  H,  bolted 
to  the  plate  at  its  outside  circumference,  formed  a  small  boiler 
or  cylindrical  dish  for  the  water,  and  this  was  surmounted  by 
a  conical  top,  K  K,  and  surrounded  by  a  complete  casing,  L  L, 
leaving  a  space,  around  the  cylinder  and  over  the  conical  cover, 
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into  which  the  steam  was  allowed  to  escape,  so  that  there  should 
be  as  Httle  priming  water  carried  away  as  possible.     A  furnace 


FIG.   74. 


was  formed  of  a  crucible,  B  B,  of  fireclay  pierced  at  C  by  a  pipe 
E,  which  conducted  the  gas  and  air  under  pressure  to  give  a 


FKi.    75. 


blow-pipe  flame.     A  casing,  D  D,  surmounted  the  crucible,  and 
th(;  llame  striking  upwards  on  the  plate  A,  passed  over  the  top 
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of  the  crucible  and  descended  inside  the  casing  D  and  out  at  fr« 
The  evaporation  of  water  was  reckoned  as  being  that  from  the 
area  of  plate  comprised  within  the  cylinder  casing  D  D  (16 
millimetres  diameter  ;  6g  ins.). 

Apparatus  for  regulating  the  supply  of  water  and  maintaining 
a  constant  level  was  provided,  and  on  the  under  surface  of  the 
plate,  in  the  zone  of  heating,  M.  Hirsch  introduced  a  number  of 
fusible  plugs  of  alloys  having  different  melting  points.  These 
were  disposed  in  two  concentric  circles  (one  2|  in.  diameter  and 
the  other  4I  ins.  diameter)  in  such  a  way  that  two  plugs  having 
the  same  melting  point  were  placed  one  in  the  inner  circle  and 
the  other  at  the  opposite  point  in  the  outer  circle.  This  pre- 
caution was  taken  to  guard  as  much  as  possible  against  the 
effects  of  local  inequalities  of  heating.  Fig.  75  shows  the 
arrangement. 

IN    THE    INNER    CIRCLE. 

Lead.      Zinc. 

Nob.  of  the  plugs      ...      i  2  3  4  567         89         xo     11      la 

llelling  temperatures  C.  no®    121°     128°      1430     150°  170°  187°!     220°  250°  335®  3350  450° 
F.  230°  2498°  262 40  289.^0  302°  338°  368-60  428°  4820  6350  6350  842O 

IN    THE    OUTER     CIRCLE. 

Nos.  of  the  plugs      ...      13      14         15       16      17      18       19      20       21         22         23       24 
Melting  points  €.170°  1870     220°  250°  335°  335°  450°  110°  I2i<»      128®      143°      150® 

F.  338°  368-6°  428°  482°  6350  6350  842°  230°  249-80  262-4°  289-40  302° 

The  range  was  thus  from  230°  F.  to  lead  at  635°  F.,  and  zinc 
at  842°  F. 

M.  Hirsch's  first  experiments  were  made  with  distilled  water 
and  a  clean  plate.  In  an  experiment  made  on  August  23rd,  1887, 
the  temperature  of  the  plate,  as  indicated  by  the  fusible  plugs, 
melted  and  intact,  was  between  338°  F.  and  369°  F.,  and  water 
was  evaporated  at  the  rate  of  2959  lbs.  per  hour  per  square  foot 
of  heating  surface.  This  result  was  plotted  in  a  diagram.  Fig.  76, 
and  was  reproduced  with  a  number  of  those  most  regularly 
carried  out  in  another  diagram,  Fig.  77,  in  which  the  abscissae 
represent  the  quantity  of  water  evaporated  per  unit  of  surface  per 
hour,  and  the  ordinates  the  temperatures  of  the  plate.  Two  lines, 
A  A  and  B  B,  are  traced  on  the  diagram,  showing  the  variations  of 
temperature  of  the  inner  and  outer  circles  of  plugs  as  compared 
with  the  amount  of  water  evaporated,  and  a  third  line,  C  C,  gives 
a  mean  of  these  variations.  M.  Hirsch  concluded  from  his 
various  experiments  that  the  temperature  of  the  surface  of  the 
plate  was  never  uniform  throughout ;  |it  was  hotter  at  the  inner 
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circle  of  plugs,  where  the  flame  had  more  direct  action,  than 
at  the  outer  circle,  the  difference  being   about   29°  F.      The 
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temperature  of  the  surface  exposed  to  the  fire  rises  progressively 
with  the  increase  of  the  quantity  of  heat  transmitted  through  the 
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plate.     To  read  the   phenomena   aright,  however,  we   should, 
according    to    M.   Hirsch    consider   rather   the   excess   of   the 
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temperature  of  the  plate  over  that  of  the  water,  which  was 
constant  at  212°  F.  He  thus  found  that,  with  an  evaporation  of 
20  lbs.  per  square  foot  per  hour,  the  difference  of  temperature 
was  167°  F.  ;  it  was  nearly  212°  F.  for  an  evaporation  of  40  lbs. 
per  square  foot,  but  it  would  not  reach  302°  F.  (according  to 
line  B  B  on  diagram  Fig.  77)  until  an  evaporation  was  obtained 
of  75  lbs.  per  square  foot  per  hour. 

If  the  temperature  of  the  water  rises  in  any  boiler,  this 
difference  between  plate  and  water  does  not  increase  in 
proportion.  Thus,  for  instance,  if  we  have  an  iron  firebox  with 
plates  of  %  in.  thickness,  supplied  with  water  at  a  temperature  of 
356°  F.  (there  being  an  effective  pressure  of  85  kilogrammes  per 
metre  carre  =  10  atmospheres  or  146  lbs.  per  square  inch),  and 
evaporating  40  lbs.  of  cold  water  per  hour  per  square  foot,  the 
corresponding  difference  of  temperature  should  be  212°  F.,  but 
the  temperature  of  the  iron  plate  never  reaches  568°  F. 

It  is  well  known  that  if  a  small  boiler  be  made  of  paper  and 
held  over  the  flame  of  a  candle,  the  water  will  boil  but  the  paper 
will  not  be  burned.  M.  Hirsch  repeated  this  experiment  in 
various  forms,  using  the  flame  of  a  large  Bunsen  burner  and  that 
of  a  blow-pipe  used  in  enamelling,  which  melted  glass  in  a  few 
moments,  but  the  result  was  always  the  same.  The  paper  would 
burn  down  to  the  level  of  the  water  and  a  sheet  of  paper  placed 
over  the  flame  in  contact  with  the  bottom  of  the  boiler  would 
instantly  be  burned  up,  but  the  boiler  itself  when  containing 
water  was  never  attacked  by  the  flame. 

These  various  facts  and  figures  satisfied  M.  Hirsch  that  there 
is  no  danger  of  overheating  the  metal  plates  of  boilers,  whatever 
may  be  the  activity  of  evaporation,  if  the  metal  be  sound  and  in 
direct  contact  with  the  water. 

There  are,  however,  other  conditions  which  may  intervene  to 
check  the  transmission  of  the  heat,  and  these  may  be  found 
either  in  the  metal  itself  or  interposed  between  the  metal  and 
the  water.  Consequently,  M.  Hirsch  carried  out  other  experi- 
ments in  order  to  study  these  conditions. 

Effects  of  Increased  Viscosity  of  Water, — The  effects  of  water  of 
increased  viscosity  were  imitated  by  mixing  starch  with  the 
water,  in  proportions  successively  of  0*2  per  cent,  and  0*5  per 
cent,  of  the  weight  of  water  used.  With  the  smaller  proportion 
the  temperature  difference  was  raised   only  about  15^  C.  (or 
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59°  F.)  above  that  which  was  registered  with  distilled  water 
alone.  Although  the  water  mixed  with  0*5  per  cent,  of  starch 
was  certainly  more  viscous,  the  line  of  temperature  appeared  not 
to  be  elevated  to  any  serious  extent. 

M.  Hirsch  points  out  that  this  latter  proportion  of  starch  is 
rarely  if  ever  reached,  even  when  amylaceous  materials  are  used 
to  prevent  the  formation  of  incrustations,  but  that  even  to  that 
limit  they  do  not  present  any  great  inconvenience  or  danger  of 
overheating. 

Effects  of  Incrustations. — The  conditions  of  boilers  having 
incrustations  of  various  thicknesses  were  then  imitated  by  means 
of  layers  of  plaster  put  on  the  interior  surface  of  the  plate.  With 
a  layer  of  plaster  gVth  inch  thick  it  was  necessary  to  employ  a 
comparatively  gentle  degree  of  heat  to  prevent  cracking  of  the 
layer,  so  that  the  experiment  did  not  go  beyond  a  rate  of 
evaporation  of  39  lbs.  per  hour  per  square  foot  of  surface.  The 
temperature  difference  was  found  to  be  about  30°  C.  ^or  86°  F., 
higher  than  when  distilled  water  was  in  direct  contact  with  the 
plate. 

With  a  layer  of  plaster  of  i\ths  inch  thickness,  to  evaporate 
30  lbs.  of  water  caused  the  external  temperature  of  the  plate  to 
rise  above  482°  F.  and  to  evaporate  40  lbs.  it  exceeded  752°  F., 
these  results  being  75°  F.  and  410°  F.  respectively  above  those 
obtained  wath  water  in  immediate  contact  wuth  the  plate. 

With  this  thickness  of  plaster  an  evaporative  rate  of  44  lbs. 
was  reached,  but  the  plaster  then  cracked  and  separated  from 
the  plate. 

Effects  of  Flaws  ami  Joints. — The  effects  of  flaws  in  the 
substance  of  the  metal,  and  of  joints,  upon  the  passage  of  the 
heat,  were  ascertained  in  a  very  ingenious  manner.  In  a  joint  or 
seam,  the  two  parts  of  the  metal  are  brought  together  as  closely 
as  possible,  and  it  is  mainly  the  additional  thickness  which  is 
objectionable — the  continuity  of  the  metal  for  heat  conduction 
is  but  little  interfered  with.  In  the  case  of  a  flaw,  on  the  other 
hand,  the  parts  of  the  metal  are  kept  apart  by  a  small  layer  of 
foreign  matter.  The  joint  was  imitated  as  follows  :  Upon  the 
face  of  the  plate  touching  the  water  a  sheet  of  steel  njths  inch 
thick,  carefully  planed  and  litted,  was  placed,  care  being  taken 
that  both  were  in  contact  at  all  parts  of  their  surfaces.  A  sheet 
of  tinfoil  was  laid  between  them   and  when   the  plates  were 
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heated  and  the  tin  melted,  the  two  plates  were  then  drawn 
tightly  together  by  bolts,  so  that  a  part  of  the  melted  tin  was 
expelled  and  a  perfect  soldered  joint  made. 

Evaporative  experiments  carried  out  with  the  plate  in  that 
condition  showed  that  the  temperature  line  in  the  diagram  was 
almost  parallel  to  that  obtained  with  the  single  boiler  plate, 
except  when  the  rate  of  evaporation  was  high.  The  discrepancy 
which  for  an  evaporation  of  100  kilogrammes  per  square  metre, 
or  20  lbs.  per  square  foot  per  hour,  was  about  50°  C.  (or  122°  F.), 
reached  70°  C.  (or  158°  F.)  for  an  evaporation  of  300  kilogrammes, 
or  60  lbs.  per  square  foot.  At  this  latter  point  the  temperature 
of  the  surface  of  the  plate  exposed  to  the  fire  was  more  than 
392°  F.  above  that  of  the  water. 

Flaws  in  the  metal  were  imitated  by  strewing  the  interior 
surface  of  the  plate  with  finely-powdered  talc,  and  then  affixing 
the  sheet  of  steel  to  the  plate  by  means  of  bolts  screwed  up  till 
a  distance  of  only  ^i^th  inch  separated  the  two.  When  the 
boiler  was  then  filled  with  distilled  water  and  put  in  action, 
with  an  evaporation  of  3olbs.  per  hour  per  square  foot  of  heating 
surface,  the  temperature  of  the  plate  exceeded  662°  F.,  being 
270°  in  excess  of  that  which  it  had  acquired  when  in  direct 
contact  with  the  water.  With  an  evaporation  of  50  lbs.  all  the 
plugs,  even  those  of  zinc,  melted,  showing  that  the  temperature 
of  the  surface  exceeded  842°  F.,  and  the  plate  was  in  great 
danger  of  being  overheated.  Such  would  be  the  effects  of  flaws 
in  that  part  of  the  metal  exposed  to  the  fire. 

Effects  of  Contact  with  Hot  Brickwork. —  In  order  to  ascertain  if 
the  idea  were  correct  that  the  plates  of  boilers  could  be  over- 
heated by  contact  with  incandescent  brickwork,  M.  Hirsch  filled 
his  furnace  with  pieces  of  fire-brick,  leaving  free  passage  for  the 
flame  between  them,  so  that  the  plate  of  his  experimental 
evaporating  dish  would  rest  on  them  when  in  position  for  work. 
The  results  of  this  experiment  were,  an  evaporation  of  35  lbs.  of 
cold  water  per  hour  per  square  foot  of  heating  surface,  the 
fusible  flugs,  Nos.  7  and  14  (368*6°  F.)  having  melted,  and  those 
of  Nos.  8  and  15  (428°  F.)  remaining  intact.  These  were  pre- 
cisely the  results  obtained  in  the  first  experiments  with  distilled 
water  under  normal  conditions  of  the  apparatus,  and  show  that 
the  presence  of  the  firebricks  does  not  influence  the  transmission 
of  the  heat. 
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In  Fig.  78  all  the  various  mean  temperature  lines  are 
assembled  in  one  diagram  for  the  purpose  of  comparison. 
Referring  to  the  first  part  of  his  researches,  M.  Hirsch  noted 
that  the  evaporation  in  ordinary  cylindrical  land  boilers,  as  used 
for  manufacturing  purposes,  does  not  exceed,  at  the  part 
directly  exposed  to  the  fire,  20  to  28  lbs.  per  hour  per  square 
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foot  of  heating  surface,  and  that  it  was  improbable  that  the  rate 
could  go  with  such  boilers  to  51  lbs.  per  square  foot,  even  with 
the  strongest  fire.  The  temperature  lines  in  these  diagrams 
showed,  however,  that  dangerous  differences  of  temperature 
between  metal  and  water  need  not  be  expected  short  of  an 
evaporation  of  from  80  to  102  lbs.  per  square  foot  per  hour. 
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III.  Effects  of  Oil  and  Grease, — In  this  portion  of  his  experi- 
ments, M.  Hirsch  led  the  van  in  inquiring  into  the  effects 
which  the  presence  of  oil  and  grease  upon  the  surface  of  iron 
plates  had  on  the  transmission  of  heat.  In  the  experiments 
just  described,  he  was  decidedly  in  advance  of  all  previous 
inquirers  in  his  attempt  to  measure  the  actual  temperature  of 
the  iron  of  boilers  by  means  of  fusible  plugs. 

In  this  last  division  he  commenced  by  covering  the  interior 
surface  of  the  plate  with  mineral  oil,  which  was  then  wiped  off, 
and  left  a  greasy  layer  of  no  appreciable  thickness,  but  sufficient 
to  prevent  the  adherence  of  the  water  to  the  iron.  The  boiler 
was  filled  up  with  distilled  water,  and  the  experiment  conducted 
as  in  previous  instances.  It  was  found  that  even  when  the 
heating  was  kept  moderate,  the  exterior  surface  of  the  plate 
reached  temperatures  notably  higher  than  was  the  case  when 
the  water  came  into  direct  contact  with  the  interior  surface. 
With  a  strong  flame  peculiar  phenomena  were  observed.  In 
certain  cases  the  increase  of  temperature  coincided  with  the 
increased  intensity  of  the  fire.  The  difference  between  the 
temperature  of  the  water  and  that  of  the  exterior  surface  of  the 
plate  was  (50°  C),  122°  F.  higher  than  in  the  experiments  with 
pure  water,  with  an  evaporation  of  30  lbs.  per  hour  per  square 
foot  of  heating  surface.  With  an  evaporation  of  50  lbs  it  was 
(80°  C)  176°  F.  higher,  and  the  temperature  of  the  flame  surface 
was  (200°  C.)  392°  F.  above  that  of  the  water.  In  other  cases 
the  results  were  entirely  different  ;  even  after  moderate  heating, 
and  an  evaporation  of  only  35  lbs.,  all  the  fusible  plugs  were 
found  melted,  which  was  held  to  prove  that  the  temperature  of 
the  plate  had  been  above  842°  F.  for  the  major  part  of  its 
thickness.  The  effects  of  oiling  the  inner  surface  of  a  boiler 
may  thus  be  manifested  in  two  different  ways  ;  either  in  a 
moderate  increase  in  the  temperature  of  the  heated  surface,  or 
with  a  fire  of  ordinary  intensity  the  metal  becomes  heated  to  a 
very  high  degree. 

Qualitative  Experiments.  Effects  of  Grease. — In  order  to  observe 
further  the  effects  produced  by  oily  materials,  M.  Hirsch  aban- 
doned his  special  quantitative  apparatus  and  used  some  small 
tinned  saucepans,  placed  on  his  crucible-shaped  furnace,  for 
some  qualitative  experiments.  He  had  obsei-ved  that  where 
an   abnormal  elevation   of   temperature   was    attained    in   the 
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experiments,  black  patches,  apparently  arising  from  the  partial 
decomposition  of  fatty  matter,  adhered  to  the  boiler  at  the 
beginning  of  the  trial,  not  having  been  completely  removed  by 
the  cleansing.  Wishing  to  discover  if  they  had  any  influence  on 
the  phenomena  of  the  transmission  of  heat,  he  greased  a  clean 
tinned  saucepan  with  mineral  lubricating  oil  (pleonaphte)  and 
heated  it  without  water  over  a  slow  fire  to  decompose  the  fatty 
matter.  The  bottom  of  the  saucepan  was  found  to  be  covered 
with  a  black  coating  to  which  water  would  not  adhere.  The 
saucepan  was  then  filled  with  water,  and  heated  over  the 
furnace.  After  boiling  a  minute  one  part  at  the  bottom  of  the 
saucepan  was  seen  to  become  red  hot,  and  the  incandescence 
soon  spread  over  the  rest  of  the  area  covering  the  opening  of 
the  furnace.  Evidently  the  bottom  of  the  saucepan  was  never 
wetted,  and  the  water  assumed  the  spheroidal  condition.  Even 
if  the  grease  was  confined  to  a  limited  portion  of  the  bottom, 
that  part  alone  became  incandescent  at  first,  but  the  red  heat 
gradually  extended  over  all  the  surface  exposed  to  the  fire. 
This  experiment  was  repeated  several  times  with  different 
intensities  of  fire.  With  heat  corresponding  to  an  evaporation  of 
about  54  lbs.  per  hour  per  square  foot  of  heating  surface,  the 
colour  of  the  bottom  was  bright  orange,  but  when  30  lbs.  were 
evaporated  the  colour  was  dark  cherry. 

Further  experiments  showed  the  following  results  :  If  a  per- 
fectly clean  tinned  iron  saucepan  is  used,  however  intense  the 
flame,  the  water  boils  in  the  usual  way,  and  the  tin  is  not  melted. 
The  surface  is  not  affected  by  the  heat  when  the  tinning  has 
been  removed  by  scraping  or  by  oxidation,  either  by  the  action 
of  humid  air  or  by  that  of  ammonia  or  hydrochloric  acid.  In 
either  state  of  the  surface  a  thin  layer  of  (oleonaphie)  mineral  oil, 
applied  cold,  does  not  interfere  with  regular  ebullition.  But  if 
the  oil  is  previously  decomposed  by  heat,  or  if  an  oily  rag  is 
laid  on  the  bottom  of  the  saucepan  and  held  there  by  a  weight, 
over-heating  immediately  takes  place.  The  same  effect  is  pro- 
duced if  a  solution  of  salt  is  evaporated  in  an  oxidised  saucepan, 
and  the  bottom,  when  covered  with  a  thin  crust  of  salt,  is 
smeared  with  cold  mineral  oil.  The  smallest  quantity  of  linseed 
oil  at  the  bottom  of  the  saucepan  immediately  produced  over- 
heating even  with  the  low  rate  of  evaporation  of  20  to  24  lbs. 
Spirits   of   turpentine   and   oil   of   turpentine  did  not  produce 
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overheating,  unless  mixed  with  a  small  quantity  of  linseed  oil. 
A  mastic  of  red  lead  easily  produced  overheating,  but  not  so 
quickly  with  colza  oil  as  with  linseed  oil.  Valvoline,  when  laid 
on  cold,  only  caused  a  dangerous  glow  w^hen  the  heat  was  very 
intense — equivalent  to  a  70-lbs.  evaporation. 

Pitch  at  the  bottom  of  the  tinned  saucepan  floated  off  when 
the  water  boiled  ;  it  adhered  to  an  oxidised  surface,  but  did  not 
cause  the  iron  to  become  unduly  heated. 

Limiting  Circumstances  to  the  Value  of  Expen'ments. — These 
investigations  are  undoubtedly  unique,  both  in  design  and  in 
importance  as  regards  our  subject,  and  they  were  the  fore- 
runners of  similar  inquiries  by  Durston,  Blechynden,  and 
Br^-ant.  There  are,  however,  some  circumstances^  which  limit 
their  value  as  applied  to  the  larger  question  of  boiler  operation. 

1.  A  flat,  horizontal  surface,  such  as  that  of  the  plate  experi- 
mented with,  is  the  worst  for  freedom  of  supply  of  water  by 
circulation  when  boiling,  and  consequently  this  must  limit  the 
amount  of  heat  which  cap  be  transmitted  through  it.  This  acts 
in  two  ways.  The  total  evaporation  in  a  given  time  per  unit  of 
surface  is  lessened,  and  the  degree  of  heating  the  plate  is  increased. 
A  dish -shaped  plate,  formed  like  the  contour  of  the  section  of 
the  furnace,  would  have  been  better  for  the  water  circulation  ; 
but  even  in  that  case  the  movement  of  the  water  could  not  have 
been  as  rapid  as  the  escape  of  the  steam  formed^  in  conse- 
quence of  the  difference  in  density  and  viscosity  of  the  two 
fluids. 

2.  The  plate  used  in  M.  Hirsch's  experiments  extended  a 
considerable  distance  beyond  the  furnace,  and  consequently 
some  heat  was  conducted  to  the  outer  portion  and  dissipated  by 
contact  with  the  air.  From  these  causes  it  is  probable  that  the 
plate  in  the  region  of  the  furnace  attained  a  higher  temperature 
than  should  be  necessary  for  a  given  evaporative  rate,  and 
yet  that  all  the  heat  employed  was  not  usefully  applied. 

3.  The  use  of  fusible  plugs  as  indicators  of  temperatures, 
however,  renders  it  uncertain  whether  the  temperatures 
recorded  were  actually  reached  by  the  plate.  Apart  from  the 
cause  of  uncertainty  referred  to  iiv  Chapter  II.,  p.  35,  the 
junction  of  metals  of  diverse  conductivities,  both  thermal  and 
electrical,  introduces  another  doubtful  element,  and  it  seems 
certain,  from  the  later  researches  of  Miss  E.  M.  Bryant,  that  the 
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actual    temperature  of  the  plate  is  always  less  than    the    one 

indicated  by  the  melting  plugs. 
Nevertheless,  the  experiments  give  proof  that  an  evaporation 

of  from  50  to  nearly  100 
I  lbs.    of   water   per  hour 

per  square  foot  of  heating 
surface,  may  be  attained, 
without  serious  heating 
of  the  metal  of  boilers, 
when  these  are  properly- 
constructed  and  the  sur- 
faces are  clean. 

Blcchyndcn*s  Expert- 
waits. — The  experiments 
carried  out  by  Mr.  Blech- 
ynden,  in  1893,  are  even 
more  unsatisfactory,  from 
the  point  of  view  of  the 
circulation  of  the  water 
and  gases,  than  those  of 
M.  Hirsch,  although  Mr. 
Blechynden  took  precau- 
tions against  loss  of  heat 
by  radiation,  which,  as 
we  have  seen,  M.  Hirsch 
to  a  large  extent  neg- 
lected. The  diameter  of 
Mr.  Blechynden's  dish, 
or  ''  boiler,"  was  smaller 
than  that  ol  M.  Hirsch's, 
and  the  furnace  was  not 
so  well  arranged,  but  the 
full  diameter  of  the  plate 
was  embraced  by  the  fur- 
nace casing. 

Mr.  Blechynden*s  ap- 
paratus is  illustrated  in 
Figs.  79  and  80,  in  which 

A   is   the  boiler,   B   the  furnace,  C  and    D   are   openings   for 

measuring  temperatures,  and  E  and   F  openings  for  escape  of 
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the  hot  gases.  The  boiler  (A)  was  10  inches  in  diameter  and 
12  inches  high  outside,  and  was  constructed  of  tinned  iron  plate 
about  24  B.W.G.  in  thickness, 
with  a  jacket  i  inch  wide  (i) 
on  its  sides  and  top,  covered 
with  (2)  asbestos  felt  375  inch 
thick.  Usually  air  was  em- 
ployed in  the  jacket,  but  steam 
could  be  admitted  by  the  inlet 
(6)  and  made  to  pass  through 
to  the  outlet  (7).  At  first  the 
boiler  was  covered  with  only 
asbestos  felt,  without  the  air 
space  or  jacket.  The  plate 
to  be  experimented  with  (3) 
formed  the  bottom  of  the 
boiler,  which  was  soldered  to 
it,  the  two  pipes  (4)  and  (5)  at 
the  top  providing  for  the  ad- 
mission of  water,  the  escape 
of  steam,  and  the  insertion 
of  mercury  thermometers  to 
register  the  temperature  of  the 
water.  The  furnace  was  a 
cylindrical  chamber  (9)  of  sheet 
iron,  lined  with  firebrick  (10), 
(11)  and  (12)  being  the  openings 
near  the  top  for  exit  of  the 
gases,  and  (13)  and  (14)  holes 
for  insertion  of  the  copper 
balls  or  blocks  forming  part  of 
a  Siemens'  pyrometer,  which 
was  used  for  measuring  the 
furnace  temperatures.  Five 
jets  (15)  of  ordinary  lighting 
gas,  with  an  air  blast  from  a  ' 

smith's     fire     supplied    flame,  p,tj  ^^ 

which  was  passed  through   a 

mass  of  asbestos  lumps  (16),  covered  with  a  layer  of  wire  gauze 
(17)    in    order    to    distribute   the   flame   evenly.     At    (13)   the 
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pyrometer  block  was  suspended  at  a  distance  of  one  quarter 
to  one  half  inch  from  the  surface  of  the  plate,  and  at  (14)  the 
block  was  about  two  inches  from  the  incandescent  mass  of 
asbestos. 

Mr.  Blechynden  admitted  to  some  extent  the  uncertainty  of 
the  record  of  temperatures  afforded  by  the  Siemens'  pyrometer, 
but  his  estimate  of  error  was  too  low.  Such  a  method  can 
afford  merely  a  rough  approximation  to  the  actual  temperature 
of  the  spot  where  the  copper  block  is  heated,*  The  arrange- 
ment of  exit  tubes  or  passages  (11)  and  (12)  for  the  escape  of  the 
hot  gases  was,  moreover,  such  that  there  could  be  no  proper 
current  of  these  hot  gases  in  contact  with  the  heating  surface, 
that  surface  itself  being  also  of  a  bad  form  and  in  a  bad  position  for 
a  good  result.  If  the  top  of  these  exit  tubes  had  been  level 
with  the  bottom  surface  of  the  plate  (3),  this  would  have  ensured 
a  constant  renewal  of  the  portions  of  gas  in  contact  with  the 
plate  surface,  and  would  have  prevented  the  formation  of  local 
eddies,  which  Mr.  Blechynden's  arrangement  favoured.  It 
follows  from  this  that  even  the  temperatures  registered  by  the 
apparatus  at  C  were  not  likely  to  have  been  the  temperatures  at 
the  underside  of  the  plate.  Further,  as  to  the  possibUity  of 
adequate  circulation  of  the  water,  it  is  evident  that  Mr.  Blech- 
ynden relied  entirely  upon  the  natural  movement  produced  by 
the  act  of  boiling  in  the  confined  space  of  the  vessel,  but,  of 
course,  that  movement  depended  on  the  rate  at  which  ebullition 
proceeded  in  this  special  vessel,  and  was,  further,  hindered  by 
the  limited  quantity  of  water,  which  was  all  above  the  portion 
of  the  vessel  being  heated.  Under  the  circumstances,  there 
could  not  have  been  realised  as  good  a  result  as  would  have 
been  reached  with  additional  movement  of  the  water  and  gases 
over  the  surfaces  of  the  plate.  Apart  from  these  defects,  which 
were  inherent  to  the  process  employed,  the  experiments  were 
most  carefully  carried  out  and  considered.  First  of  all,  the 
temperatures  were  tested  by  removing  the  boiler  and  covering 
the  opening  with  asbestos  sheet  and  an  iron  plate.  Under 
such  conditions  the  temperature  reading  obtained  at  C,  D, 
E,  and  F  was  the  same,  viz.,  1780°  F.     The  boiler  was  then 


*  See    "Trans.   Inst.   Eng.   and    Shipbuilders    in    Scotland,"    Vol.    xxxv., 
pp.  143,  144. 
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replaced,    and    the    temperature    readings   were    obtained    as 
follows  : — 

At  E,  F,  and  C         1545°  F. 

At  D    ...         1850°  F. 

•   At  a  point  3^  ins.  under  the  plate 1580°  F. 

Mr.  Blechynden  very  properly  remarks  on  these  facts  :  "  It 
will  be  evident,  from  the  latter  experiment,  that  a  comparison 
of  the  evaporative  results,  or  the  quantity  of  heat  transmitted 
with  the  temperatures  measured  at  C,  would  be  misleading, 
and  would  incorrectly  represent  the  modulus  of  transmission, 
unless  the  quantity  of  heated  gas  passing  over  the  surface  of  the 
plate  were  unlimited  ;  the  comparison  should  be  with  some 
function  of  the  initial  and  terminal  temperatures.  But,  as  in  a 
considerable  number  of  the  earlier  experiments  the  tempera- 
tures at  C  only  were  measured,  a  comparison  of  the  evaporative 
results  will  be  made  vi^ith  these  temperatures,  from  which  it  will 
be  seen  that  such  broad  general  results  will  be  obtained  that, 
with  a  simple  correction  for  the  fact  of  the  temperatures  being 
terminal,  the  true  coefficient  of  transmission  may  be  fairly 
approximated."  It  is  thus  apparent  that  Mr.  Blechynden  had 
no  idea  of  attaching  to  these  experiments  anything  like  the 
final  or  absolute  value  which  many  have  invested  them  with 
since  their  publication,  and  therefore  that  any  relation  found  to 
exist  between  the  temperatures  observed  and  the  quantity  of 
heat  transmitted,  does  not  necessarily  hold  good  for  any  other 
conditions  than  those  under  which  these  observations  were 
made,  or  for  any  other  form  or  arrangement  of  apparatus. 

The  results  of  the  experiments  are  given  in  the  following 
Tables,  XXXII.  to  XXXIX.,  and  are  also  shown  graphically  in 
the  diagrams.  Figs.  81  and  82,  giving  the  general  results  for  all 
the  plates  shown  relatively  to  each  other  : — 
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TABLE  XXXII. 

RESULTS  OF  EXPERIMENTS  ON  THE  TRANSMISSION  OF  HEAT  THROUGH 

STEEL  PLATES. 

No.  I.  PLATE  A.  (SIDE  NEXT  WATER  MACHINED). 


Heat 

Duration 
of  TriaL 

Tempera- 
ture in 
Furnace 
ate. 

ToUl 

LtM.Of 

Water 

Evapor- 
ated. 

Heat  Units 

per  Hour  b\ 

Heating  and 

Evaporation 

or  Water. 

Heat 

(      Unit* 
loM  l>y 
Radiation 
per  Hour. 

Total  Units 
(with  Radiii- 
lionl  Trans- 
mitted per 
Hour  per 
Sq.  FL  H. 

Difference 

in 
Tempera- 
ture D. 

Trans- 
mitted per 
I  deg.  Diff 
jvr^FL 
per  Hour 
H 

"d: 

H 

IT. 

ThickncM 
of  Plate. 

Hrt.  Mlns. 
I       51 

1,060 

IOI5 

5,300 

Coo 

10,820 

84S 

1278 

•01505 

11875 

I 

49 

1.205 

140 

7.460 

„ 

14,780 

993 

14'85 

•01498 

., 

I 

27 

I.22S 

811 

7.845 

,. 

15.500 

1,013 

15-26 

-01505 

.. 

2 

3 

1,425 

251 

11.800 

„ 

22,750 

1.213 

1873 

•01545 

„ 

I 

54 

1,440 

25-1 

12,750 

„ 

24.450 

1,228 

19-9 

01622 

., 

2 

37 

1,490 

3805 

13.950 

" 

26,750 

1,278 

209 
Mean 

•01637 

» 

•01552 

No.  2.     I 

>LATE  A. 

1 

4 

838 

344 

3.120 

600 

6,820 

626 

10-89 

•01741 

75 

2 

I 

1,000 

11-27 

5.380 

., 

10.950 

788 

139 

•01765 

„ 

2 

li 

1.125 

15-45 

7.380 

.. 

14.650 

913 

1604 

•01757 

,. 

I 

33 

1,270 

1679 

10,480 

„ 

20,300 

1,058 

19- 1 8 

•01811 

„ 

I 

48 

1.445 

2645 

i^iSo 

•• 

27.100 

1.233 

21-92 
Mean 

■01788 

M 

•01770 

No.  3.    1 

>LATE  A. 

2 

6 

775 

665 

3.058 

600 

6.705 

563 

1190 

'02110      1 

■5625 

I 

57 

920 

997 

4.950 

„ 

10,180 

708 

1437 

'O203O 

,1 

I 

84 

1.175 

1 185 

10,000 

19.450 

963 

2018 

•02094 

„ 

I 

7 

1.360 

17-98 

15.500 

" 

29,550 

1,148 

257 
Mean 

•02241 

„ 

02119 

TABLE  XXXI 11. 
NO.  4.  PLATE  A.  (SIDE  NEXT  WATER  MACHINED). 


Duration 
of  Trial. 


Total 

Tempera- 

Lt». of 

ture  in 

-  Water 

Furnace 

ate. 

Evapor- 
ated. 

Deg. 

715 

506 

858 

6-52 

935 

811 

1,040 

997 

1,105 

xo-9 

1,190 

13-61 

Heat  Units 
Transmitted 
per  Hour  by 
Heating  and 


Total  Units 
HcAt  (with 

Unit*  Radiation) 
Lost  by  )  Transmitted 
Radiation     per  Hour 


^'^S?I?ii°"  VCT  Hour,     per  Sq.  Ft. 


of  Water. 


H. 


Heat 

'      UniU 
'    Trans- 
Difference  ,„i„ed  per 
^    in        lidcK.Diff. 
Tempera-  per.  sq.pt. 
turc  D.      j^r  Hour 
H 
D. 


Thickness 
of  Plate. 


Hr.  Mins. 

1  51 

I  25 

I  19 

I  14 

1  7 

1  7 


2.645 
4,450 
5,930 
7,820 
9,460 
11,750 


5.950 
9,260 
11,970 
15,450 
18,470 
22,650 


503 
646 
723 
828 
893 
97 


11-81 
14-35 
1655 
18-65 
2065 
2315 
Mean 


•02350 
0-2230 
0-2290 
02255 
0-2310 
0-2365 
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TABLE   XXXIII.  (continued). 
No.  5.     PLATE  A. 


Duration 
of  Trial. 

Tempera- 
ture in 
Furnace 
ate. 

Total 
Uk.o( 
Water 
E\-apor- 
aled. 

HeaU  UnitK 
Transmitted 
per  Hour  by 
Heatintf  and 
Evaporation 
of  Water. 

Heat 

Units 

lost  b>- 

Radiation 

per  Hour. 

Total  Units 

(with 
Kadialion) 

Transmitted 
per  Hour 
per  Sq.  Ft. 

Difference 

in 
Tempera- 
ture D. 

Heat 
Unit. 
Trans- 
mitted per 
ideKDiff. 
per  Sq.  ¥X. 
per  Hour. 
H. 

H. 

Dg. 

ThickneM 
of  Plate 

Hr.  Mina. 
1       3 

950 

6-55 

6.030 

600 

12,170 

738 

16-48 

02230 

•125 

1        I 

1,120 

1018 

9,690 

„ 

18,850 

908 

20-75 

•02285 

.. 

I      25 

1,210 

18-27 

12,500 

24.030 

9«>8 

241 

•02415 

„ 

I      6 

1,295 

16-48 

14.460 

27,620 

1,083 

2548 

•02352 

„ 

1    24 

1.335 

2328 

16,100 

30,620 

1.123 

2725 

'O2426 

„ 

1     13 

1.345 

20-45 

16,240 

30,900 

1,133 

2727 

024X0 

,. 

1     13 

1,350 

20-65 

16.450 

, 

31,300 

1.138 

2748 

02410 

„ 

»      3 

1.530 

26-10 

24,000 

45,100 

1.318 

3421 
Mean 

■02S95 

„ 

•02390 

TABLE  XXXIV 
NO.  6.     PLATE   B.    (SIDE  NEXT  WATER  MACHINED). 


Tempera- 
Duration       ture  in 
o<  Trial.    1  Furnace 
ate 


7 
23 

o 
30 

8 
19 


Dep. 
625 

850 
855 
1.205 
1,240 
1.280 
1.335 
1,340 
1,360 
1,465 


Total  ^'^^  Units 
Lba.oC  Transmitted 
Water  I  r«  Hour  by 
Evapor-    Heating  and 

aliJd-      i*':?^^™*"'" 
I    of  Water. 


209 

509 
6-41 
12-68 
2064 
1723 
21-86 
1682 
1828 
2138 


1.730 
4.400 
4.500 
12,235 
13,300 
14.720 
16,000 
16,230 
16.800 
20,610 


Hcdt 

Units 

lost  by 

Radiation 

per  Hour. 

loUl  Units 

(with 

Radiation) 

Transmitted 

per  Hour 

per  St).  Ft. 

Difference 

in 
lenHwra- 
ture  D. 

Heat 

Units 
Trans- 
mitted per 
I  deR.  Diff. 
perSq  Ft. 
per  Hour. 
H 
IT 

H 

D=-. 

Thickness 
of  Hate. 

600 

4,270 

413 

10-32 

•02495 

46875 

.. 

9.175 

638 

1438 

•02255 

„ 

, 

9.350 

643 

1453 

02260 

23.550 

993 

2370 

•02385 

, 

2S500 

1.028 

24-80 

-02410 

28.140 

1,068 

2630 

•02462 

30.450 

1,123 

2710 

02410 

30,850 

1.128 

2734 

•02425 

31.940 

1,148 

2780 

02420 

„ 

. 

38,950 

1,253 

3110 

Mean 

•02474 

.. 

•023996 

NO.  7.     PLATE  B. 


1       3 

8^)2 

50 

4.610 

600 

9.570 

650 

1474 

•02270 

•375 

1     10 

868 

6-15 

5,080 

10,420 

656 

15-87 

02421 

„ 

1    17 

1,170 

1569 

11,800 

„ 

22,750 

958 

2374 

•02479 

„ 

X      8 

1,180 

1392 

11,880 

„ 

22,880 

968 

2362 

•02440 

I      4 

1.320 

17-62 

16,000 

,. 

30,400 

1,108 

2740 

02472 

„ 

X    21 

1,500 

307 

22,000 

„ 

41,450 

1,288 

3215 

•02498 

„ 

I      8i 

1,520 

270 

22,910 

M 

43,150 

1.308 

330 
Mean 

•02520 

.. 

•02443 
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TABLE  XXXV. 
No.  8.     PLATE  B.    (SIDE  XEXT  WATER  MACHINED). 


Duralion 
of  Trial. 

Tempera- 
ture in 
Furnaie 

»tc. 

ToUl 
Lb»  of 
Water 
E\:i|xjr- 
ated. 

Hc.it  riiits 
Trannniittcd 
jxT  Hour  bv 
Heatin»:  und 
Rvai^tnitioii 

uf  Water. 

Heat 

l-nita 

lo*t  bv 

Kadi:>ti<>n 

|vr  Hour. 

Total  I'nit* 

(with 
Radhition) 

Trantmtlteil 
per  Hour 
per  S<j.  Kt. 

Difference 

in 
Tempera- 
lure  D. 

Hn.Mli». 
I       4 

5«5 

1-5 

i,3<to 

600 

3.5«>5 

373 

I        I 

725 

313 

2,'/75 

., 

6.560 

513 

I      lO 

9«5 

893 

7.4«o 

14,700 

773 

I      9 

1,035 

10-45 

8,780 

17,220 

823 

o    57 

1,060 

925 

9,370 

, 

18,310 

848 

1     15 

1,067 

12-66 

9,770 

n>,o2o 

855 

I      4 

1,320 

18  15 

16.500 

3i.3«o 

1,108 

I      12 

1,340 

21-62 

17.4'» 

33.150 

1,128 

1      6 

1.480 

2655 

23.300 

, 

43.800 

1,268 

Heat 

I'mtt     I 

Trail*-     ' 

"^  mitted  per 

I  dm  I>iri  , 

■  I'cr  Sq.  Ft.' 

per  Hour. 

JL 


H.-         ,Tliicknas 
U-<<.  of  Plate. 


963 

•02584 

1277 

■02495 

19-0 

-02460 

20(H 

•02544 

21-6 

•02545 

2228 

-02600 

28-3 

•02550 

2939 

102604 

34-6 

•02730 

Mean 

•02568 

•25 


No.  9.     PL.\TE  B. 


755 

4-67 

950 

938 

1.185 

140 

1,270 

1745 

1,335 

1965 

1,460 

27-8 

M75 

253 

3.520 
6.780 
12,850 
15. '50 
17.320 
23,050 
22.550 


7.550 
13.. 540 

24,^>5o 

28,lA» 

3-2.</» 
43.400 
42,400 


543 

738 

973 

1.058 

1.123 
1.248 
1,263 


1388 

1835 

253 

273 

2928 

34-8 

3358 


•02558 
02490 

X)2600 

•02583 

•02604 

•02790 
•02658 


•15625 


WITH^AIR  JACKET.     NO  ADDITION  FOR  RADIATION. 


At  C  &  D. 

588 

6-.>9 

717 

596 

794 

1028 

1.341 

3^-^ 

1.367 

25'95 

1.450 

351 

2,019 
3,595 
4.979 
17.850 
18,540 
22.100 


3.700 

376 

9S/J 

02625 

6.f)00 

505 

1306 

■02590 

9.140 

582 

1567 

•02690 

32,750 

1,129 

2910 

02570 

34.050 

1,155 

2948 

•02550 

40,550 

1,238 

3278 

■02650 

Mc:tn 

■02611 

air  jacket 


III 

•^1 «»,  »oi 


ii 


s^; 


*«#  riih*  Afen  Av  ifl 

5CMU  Of  OlFftniMCi    Of    TlMPtHAI 


points  roR 


SCALl   Of  THICKNESS. 
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TABLE  XXXVI. 
No.  9A.     PLATE  B.  (SIDE  NEXT  WATER  MACHINED). 
WITH  AIR  JACKET.    NO  ADDITION  FOR  RADIATION. 


Heat 

Units     1     Heat 

Trani-          ITnits 

Duration 

ofTnal. 

Tempi  at 

Temp,  at 

mittedpcri    Trant- 

D 

J 

H 

H 

H 

Thick- 

Top of  i 
Funuwe. 

Bottom  of 
Furnace. 

Hour  by  'mitted  per 
Heating     Hour  per 

Diir.Top. 

Diff.  Butt. 

i>: 

Dxd. 

D5. 

ness  of 
Plate. 

and  Evap- 

Sq. Ft. 

oration  of 

H. 

Water. 

Ht%.  If  ins. 

De«. 

I        36 

717 

867 

3.5t>5 

6,600 

505 

655 

13^ 

•01995 

•0259 

•0156 

2        0 

794 

904 

4.979 

9,140 

58a 

692 

1567 

•02265 

0269 

.. 

I        46 

I.341 

1.537 

T7.850 

32.750 

1,129 

1.325 

2910 

•02195 

•0257 

„ 

I        21 

1.367 

1,850 

18,540 

34.050 

1.155 

1.638 

29-48 

Mean 

•01800 

•0255 

" 

•02064 

TABLE  XXXVII. 
No.  10.     PLATE  C.  (BOTH  SIDES  ROUGH). 


Total  Units 

Heat 
Units 

Duration 

of  Trial. 

Tempera- 
ture ia 
Furnace. 

Total 
Lbs  of 
Water 
Evapor- 

Heat Unit<i 
Tran»mitted 
per  Hour  by 
Heating  and 

Heat 

I'niti 

lost  by 

Radiation 

(with 

Radiation) 

Transmitted 

per  Hour 

DiSercnce 

in 
Tempera- 
ture D. 

Trans- 
mitted per 
1  deg.  Diff 
per  Sq.  FL 

H 

d;. 

Thicliness 
of  Plate. 

ated. 

Evaporation 
of  Water 

per  Hour. 

perSq.FU 

per  Hour 
H 

IT 

HrkMins. 

Deg. 

864 

395 

3.638 

600 

7.776 

652 

11-91 

•01829 

•8125 

975 

570 

5,325 

10,860 

763 

14-25 

•01865 

„ 

985 

5^ 

5.630 

1M20 

773 

14-80 

,     01912 

.. 

990 

6-07 

5.100 

10,450 

778 

1346 

•01730 

.. 

990 

605 

5,475 

11,140 

778 

1431 

•01841 

„ 

1,060 

6-95 

6,200 

12,475 

a^s 

1470 
Mean 

•01735 
•01819 

" 

TABLE  XXXVI I L 
No.  II.    PLATE  D.    (SIDE  NEXT  WATER  MACHINED). 


Duration 

of  Trial. 

Temp,  at 
Top  of 
Furnace 

ate. 

Temp,  at 

Bottom  o» 

Furnace 

atD. 

Heat 

UniU 
Trans- 
mitted per 
Hour  by 
Heating 
and  E\'ap- 
oration  of 
Water. 

Heat 

Units 

Tranv 

mitted  per 

Hour  per 

D 

Dilf.Top^ 

d 
Diff.  Bott. 

H 

d: 

H 
D)((f. 

H 
Dl 

Thick- 
ness of 
Plate. 

Hra.  Mins. 
I       30 

Dtfr 

651 

Deg. 
743 

2,318 

4,250 

439 

531 

966 

01820 

02200 

•5 

I       30 

967 

1.279 

7,180 

13,200 

755 

1,067 

17-49 

01640 

02316 

., 

X     31 

950 

1.354 

7.140 

13.110 

738 

1,142 

1775 

01560 

'02428 

„ 

I       29 

956 

1,177 

7.400 

13.580 

744 

965 

18-23 

01892 

•02455 

„ 

2       40 

980 

l,28o 

7,620 

13.980 

768 

1,068 

18-26 

01710 

02380 

„ 

I      41 

1,059 

1,396 

8,820 

16,200 

847 

1.184 

1913 

■OI615 

02260 

,. 

I      40 

1,091 

1.347 

10,200 

18.730 

879 

1,135 

2132 

01880 

02430 

„ 

I      33 

1,122 

1,422 

11,120 

20,410 

910 

1,2X0 

2245 

Mean 

•01858 

00247 

,. 

•01747 

•02367 
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TABLE  XXXIX. 
No.  12.  PLATE  E.  (MACHINED  ON  BOTH  SIDES). 


Duration 
of  Trial. 


Hn.  Mint. 
I     38 
I     53 


Temp 

IT 


513 

65» 

856 

1.285 


Temp. 
Bott. 
at  I). 


735 

896 

1,125 

1,550 


Heat  ITnits 
Trantmilte<l 
per  Hour  by 
Heating  and 
E%'aporalion 

of  Water. 


774 
1.520 

2.855 
8,800 


Heat  UniU 

Transmitted 

per  Hour 

per  Sq.  Ft. 

H. 


1,420 
2.790 
5.230 
16,150 


Diff    Top 


301 

440 

644 

1.073 


H 


523 

684 

913 

1.338 

Mean 


00901 
•00927 
-00890 
-01 126 


00961 


H 


■01560 
'01442 
01264 
•01405 


-01418 


Thicknen 
of  PUte. 


11875 


32I 


1     45 


No.  13.    PLATE  E.    (MACHINED  ON  BOTH  SIDES). 

01430 
■01382 
•01354 
■01559 
■01431 


534 

648 

1,091 

2.00s 

322 

436 

771 

989 

3.276 

6,010 

559 

777 

955 

1,242 

5.641 

10,360 

743 

1,030 

1,340 

1,625 

13.550 

24,880 

1,128 

1.413 
Mean 

■01938 
-01920 
-01880 
•01955 
•01923 


1875 


Boiler  surrounded  top  and  sides  by  air  jacket,  which  was  well  covered  with  asbestos. 
No  allowance  has  been  made  for  loss  by  radiation. 
This  plate  was  machined  on  both  sides. 

In  discussing  his  results  Mr.  Blechyncien  said,  that  "  if  an 
examination  be  made  of  the  Diagrams  or  Tables,  the  broad 
general  fact  is  evident  that  the  heat  transmitted  through  any  of 
the  plates  per  degree  difference  between  the  fire  and  the  water 
is  proportional  to  the  square  of  the  difference  between  the 
temperatures  at  the  two  sides  of  the  plate,  as  will  be  seen  from 
the  fact  that  the  ratio 

Heat  transmitted  per  square  foot. 
(Difference  of  Temperatures)  * 

is  a  constant  for  each  plate  within  the  limits  of  the  experiments, 
and  the  mean  values  of  this  ratio  for  the  various  plates  are 
given  in  the  table. 

"  The  figures  for  the  moduli  in  the  last  column  are  calculated 
as  for  the  mean  of  the  squares  of  the  differences  of  the  tempera- 
tures on  the  assumption  that  the  temperatures  taken  just  over 
the  fire,  or  point  D,  are  the  maxima,  which  would  be  approxi- 
mately true,  and  that  those  at  the  upper  station  were  equal  to 
those  of  the  escaping  gases,  which  was  actually  correct.  The  mean 
of   the   squares   of   the  differences  of  temperatures  was  taken 
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Table  XL. 


Plates. 

Thickness. 
Inches. 

Modulus  for  Tempera- 
ture at  Top  Station. 

Modulus  for  Tempera- 
ture at  both  Upper 
and  Lower  Stations. 

A 

11875 

001552 

A 

750 

•01770 

A 

•5625 

021 19 

A 

•25 

•0230 

A 

•125 

•02390 

B 

•46875 

•023996 

B 

•3750 

•02443 

B 

•250 

•02568 

B 

•15625 

•0261 I 

02064 

C 

•   8125 

•O1819 

D 

•5000 

•02367 

•01747 

E 

11875 

•OI4178 

•oo96< 

E 

•1875 

•019235 

•0143 I 

as  being  D  d,  where  D  is  the  difference  between  the  tempera- 
ture at  the  upper  station  and  the  boiler,  and  d  the  difference 
between  that  at  the  lower  station  and  that  in  the  boiler. 

"  The  Table  shows  that  there  is  a  general  rise  in  the  value  of 
the  moduli  with  decrease  of  thickness  ;  but  if  the  diagram  Fig. 


POfffrS    /pttPtATt    /I      MAPKiO  THUS       IT. 


SC^ll   Of  THICKHlSS 
FIG.   82A. 


82A,  which  shows  graphically  the  general  relation  of  these 
moduli,  be  inspected,  it  will  be  seen  that  there  are  considerable 
irregularities  in  the  curves  joining  the  various  points  for  each 
plate.  This  is  perhaps  no  more  than  might  be  expected, 
because  of  the  great  difficulty  of  machining  all  the  surfaces  to 
the  same  degree  of  smoothness,  and  notwithstanding  the  pre- 
cautions taken,  the  difficulty  of  maintaining  the  surfaces  uniformly 


172  THE  PRACTICAL  PHYSICS  OF 

clean.  It  was  found  that  the  very  slightest  trace  of  grease 
caused  a  very  large  fall  in  the  rate  of  transmission  ;  even  wiping 
the  outer  surface  of  the  plate  with  a  piece  of  rag  or  of  waste 
was  sufficient  to  influence  the  result  detrimentally. 

^'  There  is  also  an  apparent  falling  off  in  the  increased  effici- 
ency of  thinner  plates  when  they  are  under  three-eighths  of  an 
inch  or  so,  which  seemed  as  if  it  might  possibly  be  accounted 
for  on  the  assumption  that  the  thinner  plates  yielded  to  the 
cutting  tool,  and  thus  came  to  have  more  smoothly  machined 
surfaces  than  the  thicker.  That  the  smoothness  of  the  plates 
was  an  important  factor  will  be  readily  seen  when  the  position 
of  the  points  for  plate  E  are  compared  with  the  others." 

"  The  results  of  these  experiments,"  Mr.  Blechynden  finally 
remarked,  "  certainly  point  to  the  conclusion  that  the  thinner  the 
plates  forming  part  of  the  heating  surface  of  a  boiler,  the  higher 
should  be  the  boiler^s  efficiency,  always  provided  that  the 
plates  are  clean  ;  but  it  will  be  evident  that  if  the  plates  be 
coated  with  a  covering  of  scale,  or  some  bad  conductor, 
then  the  less  must  be  the  influence  of  the  thickness  on  the 
efficiency,  while  with  a  thick  coat  of  oil  the  influence  might 
become  practically  unimportant.  The  fact  that  the  heat  trans- 
mitted is  proportional  to  the  square  of  the  difference  of  the 
temperatures  of  the  two  sides  of  the  plate,  shows  the  importance 
of  high  furnace  temperatures  if  efficiency  is  aimed  at,  and 
emphasises  the  importance  of  rapid  combustion  either  by  means 
of  air  suppHed  by  fans  or  by  height  of  funnel." 

We  may  accept  these  conclusions  without  endorsing  all  the 
statements  connected  with  them.  It  is,  for  instance,  evident 
that  the  temperatures  of  the  hot  gases  and  of  the  water — 
what  may  be  termed  the  temperatures  at  the  two  sides  of  the 
plate — are  confounded  with  the  temperatures  of  the  two  surfaces 
of  the  plate  itself.  In  consequence  of  the  very  minute  degree 
of  resistance  in  iron  plates  to  the  conduction  of  heat  through 
the  substance  of  the  metal,  it  is  not  likely  that  there  can  be  any 
considerable  difference  of  temperature  between  the  two  surfaces, 
even  while  a  large  amount  of  heat  may  be  passing  per  unit  of 
time  per  unit  of  surface.  For  the  transmission  of  a  large  amount 
of  heat,  there  must  no  doubt  be  a  large  difference  between  the 
temperature  of  the  hot  gases  and  that  of  the  water.  The  two 
sets  of  differences  are  therefore  far  from  being  identical.     The 
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conditions  which  interpose  rcsirtances  to  the  flow  or  passage  of 
heat  from  the  gases  to  the  water  have  still  to  be  investigated. 

Reichsanstalt  Experiments. — Similar  experiments  to  those  of  Mr. 
Blechynden  were  carried  out  at  the  Reichsanstalt,  Charlotten- 
burg,  by  Dr.  Wiebe  and  Mr.  R.  Schw^rhus,  between  1895  and 
1896,  and  are  recorded  in  the  Report  of  Professor  Kohlrausch, 
the  President  of  the  Institution.  A  comprehensive  authorised 
abstract  of  the  report  appeared  in  the  July  and  August  (1896) 
numbers  of  the  Zeitschrifi  fiir  I tisini inentenkunde  ;  the  experiments 
on  tranmission  of  heat  through  metallic  plates,  being  at  pages 
235  to  240,  and  a  short  account  in  English  of  these  experiments 
was  given  in  Engineerings  Vol.  Ixiii.,  p.  31  (ist  January,  1897). 

Eleven  plates  were  used  in  these  experiments,  of  which  six 
were  steel,  three  were  wrought  iron,  and  two  were  copper.  All 
were  25  centimetres  (9"84  ins.)  in  diameter  and  the  original 
thickness,  of  either  12  in.  or  075  in.,  was  gradually  reduced 
down  to  02  in.  in  some  instances.  The  furnace  and  boiler 
arrangements  resembled  those  of  Blechynden,  except  that  disc 
grates  were  inserted  to  effect  a  thorough  mixing  of  the  gases 
and  a  uniform  temperature  over  the  surface  of  the  fire,  and 
Le  Chatelier  thermo-couples  were  employed  to  measure  the 
temperature  at  4  centimetres  or  i*6  in.  below  the  plate  under 
test. 

Seventy-eight  experiments  were  made  with  the  steel  plates,  35 
with  the  wrought  iron,  and  12  with  the  copper  plates. 

Originally,  both  surfaces  of  the  plate  were  in  the  state  left  by 
the  mill  or  foundry,  and  the  reduction  of  thickness  was  effected 
by  turning  down  the  inner  surface  which  was  exposed  to  the 
water,  the  outer  surface,  exposed  to  the  gases,  remaining  rough. 
Some  tests  with  plates  polished  on  both  surfaces  were  also  made, 
and  one  or  two  with  artificial  incrustations  on  the  water  surface. 
These  imitation  incrustations  were  composed  of  cfement  and  sand, 
or  of  actual  boiler  crust  powdered  and  mixed  with  oil,  and  their 
thickness  was  varied  between  02  and  0*3  in. 

The  temperature  at  the  fire  side  of  the  plate  was  varied,  the 
quantity  of  water  evaporated  at  each  temperature  being  observed 
for  a  period  which  extended  to  from  i  to  2^  hours  in  different 
experiments. 

All  the  observations  were  recorded  in  a  series  of  diagrams,  in 
which  the  abscissae  are  degrees  Centigrade  and  the  ordinates  are 
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kilogFamme-calories  per  hour  per  degree.    The  diagonal  straight 

lines  were  simply  added  for  comparison  and  do  not  indicate  the 

position  of  the  results  other- 
wise. The  Roman  numerals 
at  the  ends  of  these  Hues 
denote  the  various  plates, 
of  which  IV.,  v.,  and  VI. 
were  wrought  iron,  and  the 
others  in  Fig.  83  were  steel. 
The  numbers  2  and  3 
below  the  lines  are  placed 
to  indicate  the  point  of 
corresponding  value  on 
each  line,  because  the  dia- 
grams overlap  each  other. 

In  the  case  of  plate  I.  the 
mark  +  refers  to  the  ori- 
ginal plate,  #  to  the  plate 
covered  with  mud  or  scale, 
O  to  the  thickness  of  10-5 
millimetres,  £  to  the  thick- 
ness 7-5  millimetres. 

In  II.,  thickness  of  287 
mm.  is  indicated  by  -f ,  190 
mm.  by  O,  and  of  12*2 
mm.  by  #  ;  in  III.,  -h  = 
305,  and  O  =  30*5  mn^-» 
both  surfaces  crude  ;  in  IV., 
-I-  =  290,  O  =  21-2,  • 
20*9  mm.,  with  upper  sur- 
face turned,  or  in  the  third 
instance  bright  ;  V.,  -h  = 
204 mm. turned  ;  VI.,  -|-  = 
30*2  mm.  both  surfaces 
crude;  VII.,  -h  =  15*6, 
j^j^  ^^  O  =  no   ^^'  turned   at 

the  upper   surface  ;  VI 1 1., 

-I-  =11*5  mm.  turned  at  the  upper  surface  ;  IX.,  -h  =  18*2  mm. 

both  sides  crude. 

With  plate  No.  I.  at  a  thickness  of  305  mm.  (i'2  in.),  heat  was 
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transmitted  at  temperatures  /  =  374,  433,  468,  480,489, 561,  628, 

654,  674  degrees  C,  at  the  rate  of  Q  (kilog.-cals.)  =     ^  ^^      = 

216,  239,  27s,  274,  301,  315,  335,  363,  4-01  kilogramme- 
calories  per  hour  per  degree.  The  plate  was  then  turned  down 
on  the  upper  surface  until  it  was  10*5  mm.  (0-41  in.)  thick,  and 
gave  at  temperatures  /  =  346,  406,  484,  603  ;  Q  =  174,  208, 
2*59,  324.  Again  turned  down  to  a  thickness  of  7*5  mm. 
(029  in.),  it  showed  at  /  =  308,  409,  503,  517,  573  ;  Q  =  1-51, 
2*14,  2-89,  263,  3-34.  Finally  reduced  to  a  thickness  of  5*4  mm. 
(0*2 1  in.),  the  lower  surface  having  remained  unchanged  all  the 
time,  we  have  for  /  =  319,  418,  499,  606 ;  Q  =  1*54,  1*99,  258, 
363.  The  experimenters  do 
not  claim  an  accuracy  of  more 

than  _  10  per  cent. 

The  two  copper  plates  ex- 
perimented with  had  thick- 
nesses of  -I-  =  29-5  mm. 
(i-i6  in),  and  Q  =  30  mni. 
(118  in.)  ;  the  former  was 
polished  on  the  upper  or 
inner  side,  the  under  side 
not  being  worked  in  any  way. 
The  results  are  shown  in  Fig. 
84,  the  straight  diagonal  line 
being  the  same  as  in  the  iron 
and  steel  tests  in  Fig.  83. 

In  these  experiments,  the  thickness  of  the  iron  and  steel  plates 
and  the  state  of  their  surfaces  seemed  to  have  scarcely  any 
influence  upon  the  heat  transmission.  The  fact  that  the  various 
points  of  the  curves  belonging  to  plates  of  different  thicknesses  lie 
close  together,  indicates  that  whatever  may  be  the  transmission 
resistances  acting  between  the  plate  and  the  media  on  both 
sides  of  it,  the  resistance  in  the  metal  is  insignificant  for  the 
thicknesses  experimented  with.  ^'  The  temperatures  /  of  the 
gases  below  the  plate  and  100°  C,  that  of  the  boiling  water 
above  it,  must  widely  differ  from  those  of  the  surface  layers 
of  the  iron.  If  there  were  no  such  differences,  Q  should  be 
for  thicknesses  of  i,  2,  and    3   centimetres,  300,  150,  and    100 
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FIG.  84. 
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kilog.-cals.y  whilst  in  reality,  the  observed  values  of  Q  have 
varied  between  1,3,  and  4  only  ;  that  is  to  say,  have  been  smal/ 
fractions  of  the  calculated  values." 

Artificial  incrustations  did  not  seem  to  have  much  effect  be- 
yond increasing  the  time  required  to  raise  the  water  to  boiling 
point.  Afterwards,  the  amount  of  heat  transmitted  did  not  seem 
to  be  affected.  "  Plate  I.  was  also  tinned  above  ;  this  had 
apparently  an  injurious  effect.  In  order  further  to  ascertain 
whether  the  condition  of  the  lower  surface  exposed  to  the  gases 
would  have  any  influence,  Plates  II.,  now  12  mm.  (0*47  in.) 
and  v.,  20  mm.  (079  in.)  thick,  were  fairly  polished  on  both 
sides.  The  heat  transmitted  was  unmistakably  decreased. 
Between  the  temperatures  /  =  311  and  616,  Q  rose  from  i'59  to 
350,  when  the  lower  surface  had  not  been  touched  and  from 
1*26  to  2'0  when  that  surface  had  been  polished." 

Although  the  position  of  the  diagonal  lines  seems  to  corres- 
pond with  Rankine's  approximate  formula,  expressing  that  the 
heat  transmitted  is  proportional  to  the  square  of  the  difference 
of  temperature,  it  is  pointed  out  that  these  experiments  contain 
evidence  that  it  is  not  safe  to  generalise  from  that  empirical  rule. 
*'  It  does  not  hold  for  plates  bright  below,  and  certainly  not  in 
the  least  for  copper  plates."  Copper  transmits  heat  at  the 
higher  temperatures  less  rapidly  than  iron.  On  the  other 
hand,  iron  and  steel  oxidise,  and  are  more  subject  to  gradual 
deterioration  from  this  cause  than  copper.  These  points, 
no  doubt,  influence  the  above-mentioned  transition-resistance, 
and  further  research  is  needed  to  investigate  that  portion  of  the 
subject. 

One  very  important  result  of  these  experiments  remains  to  be 
noticed,  as  it  illustrates  a  point  which  has  been  repeatedly 
pressed  in  these  pages,  viz.,  the  vital  effect  of  movement  of  the 
hot  gases.  By  altering  dampers,  etc.,  the  same  temperature  of 
400°  C.  was  produced  and  maintained  with  an  increased  velocity 
of  the  ascending  hot  gaseous  currents  at  each  fresh  experiment. 
In  three  tests  under  these  altered  conditions  the  evaporation 
was  at  the  rate  of  i'035,  1086,  and  1098  kilogrammes  of  water 
per  hour. 

These  experiments  were  subject  to  the  same  drawbacks  as 
were  those  of  Mr.  Blechynden  with  regard  to  the  application  of 
the  heat  to  the  plate  or  dish  containing  the  water,  and  the  later 
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investigations  of  Miss  E.  M.  Bryant,  B.  Sc./  introduce  some  con- 
siderations based  on  the  state  of  the  surface  of  the  plates,  which 
also  modify  the  result. 

BryanVs  Experiments. — Miss  Biyant  followed  M.  Hirsch  in  the 
form  of  apparatus  employed,  but  introduced  some  important 
modifications,  the  use  of  fusible  plugs  being  abandoned  in  favour 
of  thermo-electric  junctions  embedded  in  the  substance  of  the 
plates  at  different  depths  below  the  water  surface,  and  in  the 
hemispherical  iron  cup  placed  in  the  furnace.  The  heating  was 
carried  out  by  radiation  from  the  inner  surface  of  this  metal  cup, 
the  gas  flames  from  two  Fletcher  oxygen  burners  playing  upon 
the  outside  of  it  within  the  lire-brick  casing  of  the  furnace.  The 
dish  containing  the  water, 
of  which  vessel  the  plate 
under  test  formed  the  bot- 
tom, was  shielded  against 
heating  in  any  way  but 
directly  through  the  plate 
by  means  of  a  guard-ring 
consisting  of  an  outer  an- 
nular vessel  B,  made  of 
sheet  copper  and  contain- 
ing water.  Figs.  85  and  86 
show  the  general  arrange- 
ment of  apparatus  —  the 
method  of  feeding  the 
water  was  the  same  as  in  M.  Hirsch's  experiments.  A  is 
the  inner  vessel  with  the  experimental  plate  for  its  bottom, 
the  outer  edge  of  the  plate  being  insulated  by  means  of  a 
lining  of  asbestos  or  similar  non-conductor  in  the  space 
between  A  and  B.  The  degree  of  heat  to  which  the  metal 
plates  experimented  with  were  exposed  was  necessarily  limited 
by  the  temperature  to  which  the  hemispherical  cup  was 
raised  ;  all  the  heat  having,  moreover,  to  reach  the  plates 
by  radiation,  as  there  could  be  no  circulation  of  hot  air  or 
gases,  except  that  of  the  very  limited  quantity  of  air  in  the 
hemispherical  space  enclosed.  The  Tables  of  results  disclose 
that  the  temperature  of  the  cup  varied  only  between  600°  and 
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942°  C,  and  was  most  frequently  maintained  at  from  700°  to 
850°  C,  but  these  temperatures  are  considerably  lower  than 
those  to  which  the  iron  or  steel  of  boilers  is  exposed  in  actual 
work.  Moreover,  the  transmission  readings  were  not  taken 
until  the  temperatures  both  of  the  plate  and  of  the  hot  wall  of 
the  metal  cup  remained  steady,  but  this  showed  only  that  the 
point  of  maximum  rate  of  transmission  for  this  apparatus,  as  it 
was  arranged,  had  been  reached.  The  velocity  of  the  circula- 
tion of  the  water  is  an 
important  element  in  the 
i*ate  of  transmission,  be- 
cause it  is  the  water 
which  carries  off  the  heat 
which  passes  through  the 
metal  plate.  Unfortu- 
nately, the  shape  and 
size  of  the  circular  vessel 
A  were  against  anything 
but  a  very  moderate 
speed  and  restricted  kind 
of  circulation,  and  con- 
sequently the  maximum 
rate  with  such  a  vessej 
would  not  necessarily 
be  the  maximum  rate  of 
transmission  with  other 
arrangements.  The  fact 
of  the  heating  being 
carried  out  almost  en- 
tirely by  radiation  also 
gives  a  very  Hmited  range  of  value  to  these  experiments, 
because  such  conditions  are  entirely  artificial,  and  necessarily 
restrict  the  degree  of  heating.  The  paper  of  Miss  Bryant 
itself  contains  evidence  that  when  the  hot  gases  were  allowed 
to  strike  against  the  metal  plate  a  much  higher  rate  of  transmission 
was  reached.  One  Table  (XLV.)  records  a  series  of  experiments 
with  a  copper  plate,  in  which  the  gases  were  allowed  to 
strike  directly  on  the  plate,  and  the  numbers  of  C.G.S.  heat 
units  transmitted  per  minute,  which  in  the  former  experi- 
ments  with    radiation    heating    ranged   from    3,820   to    8,540, 


FIG.  86. 
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FIG.  88. 
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at  once  rose  to  from  4,700  to  16,050.  Moreover,  the  paper 
contains  the  following  signiiicant  remarks  :  "  While  the  boiler 
was  being  heated  before  an  experiment,  a  blast  of  air  was  sent 
into  the  hemispherical  space  below  the  plate.  This  prevented 
the  hot  gases  from  coming  in  contact  with,  and  condensing 
upon,  the  cold  iron,  and  thus  prevented  the  rusting.  This  blast 
was  stopped  before  the  measurements  were  taken,  as  if  left  on 
it  largely  increased  the  circulation  of  air,  and  the  result  was  an 
increase  of  evaporation  for  the  same  temperature  of  the  hot 
wall."  This  may,  of  course,  be  read  in  either  of  two  ways,  but 
in  view  of  the  results  given  in  Table  XLV.  we  might  be  justified 
in  taking  the  increased  evaporation  as  the  result  of  the  increased 
circulation  of  air  when  the  plate  was  hot.  There  is  no  manner 
of  doubt  that  if  movement  of  the  water  is  essential  to  rapidity 
of  heat  transmission,  movement  of  the  hot  gases  is  much  more 
necessary  and,  moreover,  a  much  more  rapid  movement  is 
essential  in  this  case.  On  this  branch  of  the  subject,  however, 
Miss  Bryant^s  experiments  throw  no  further  light. 

The  two  preceding  diagrams  (Figs.  87  and  88)  are  given  to 
show  that  in  these  experiments  the  temperature  of  the  fire 
surface  of  the  plate  (through  which  heat  is  being  transmitted 
to  the  water)  increases  directly  as  the  rate  of  fiow  of  heat 
through  the  plate,  and  also  increases  with  the  thickness  of  the 
plate  when  the  rate  of  evaporation  is  constant.  The  water 
surface  of  the  plate  was  found  in  these  experiments  to  be 
between  3°  and  12°  C.  above  the  boiling  point  of  water.  The 
results  obtained  with  copper  and  steel  plates  are  given  in  the 
succeeding  Tables  XLI.  to  XLV. 
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TABLE  XLI.-COPPER  PLATE.    THICKNESS,  0904  INCH  =  23  CENTIMETRES. 
AREA,  963  SQUARE  CENTIMETRES. 


X 

1 

|i 

V^ 

± 

& 

* 

"5U 

Si 

H 

.5  5 

iJy 

.3'j 

*• 

ii 

100 

s  Bs 

"Sc 

"5  = 

l>»te.  1895 

II 
1 

It 

Si 

Ii 

h 

E 

P 

Nov.     7       1 

7595 

4.220 

43-9 

1026 

1070 

..      7     II 

7700 

4.680 

III 

486 

I02-6 

107  I 

»      12        I 

8200 

5.170 

123 

537 

... 

..      12      II 

7230 

4.090 

99 

425 

103-6 

1080 

..      13        I 

7690 

6,970 

166 

723 

1050 

111-6 

..     13     H 

7860 

7,240 

172 

752 

105- 1 

II1-2 

„   15  ... 

6270 

3,820 

98 

397 

1040 

1068 

..   18    I 

7460 

6,260 

149 

650 

1068 

II2-I 

.,  18  II 

773-0 

6.890 

164 

71-6 

1067 

1 12-5 

„   18  III 

7870 

7.510 

179 

780 

1068 

112-7 

..  19    I 

8070 

7.990 

190 

830 

107  2 

1132 

..  19  11 

8250 

8.540 

203 

88-6 

I07H 

1138 

i  .-' 

S 

E 

11 

„si 

"Sis 

m 

§  e 

s^? 

il-S 

1 

44    ; 

200 

45 

120  ! 

285 

44 

200 

6-6 

170 

-  ! 

M5 

2-8 

240 

53 

305   1 

5-8 

315 

59 

220   1 

60 

150 

60 

150 

Condition  ot 
Surface. 


Oxide. 


( Slightly  black- 
1     cncd. 
]  Slightly  black- 
I      ened. 
Smoked. 


TABLE  XLII.-STEEL  PLATE.    THICKNESS  1015    INCH   =  258  CENTIMETRES 
AREA,  1054  SQUARE  CENTIMETRES 


Date,  1895. 


Nov.  30  ... 

Dec.  2  II 

,.  2  III 

.,  2   IV 

„  a  V 

..  4  ... 

,.  5 

..  5 

..  7 

..  7 


1 

II 
1 

II 
12  I 
12  II 

12  III 

13  I 

13  II 

14  ... 
16   I 

16  II 

17  I 
17  II 


7750 
7010 
7500 
7730 
7780 
7960 
7310 
6480 
71 10 
6210 
8340 
8410 
7480 
7660 
5450 
7935 
8070 
6880 
8340 
7360 


1=  i  ^ 


=3 


8,780 
6,280 
7,180 
7.420 
8,310 
9,090 

7,060 

4.815 

6,910 

4.380 
9.640 

9.820 
6,470 
7,450 

2,920 
5.4<io 
6.040 
3.930 
7.380 
4.710 


191 
13-6 
156 
165 
181 
198 
154 
»05 
150 
99 
210 

213 

141 
162 

64 
119 

131 
8-5 
161 

I0'2 


m  V 

=  "5  • 

a  Ei 

2S.S 

H 

OS 


834 
596 
681 
704 
789 

86-2 
670 
45-6 
656 
415 
9«5 
932 
6, -4 

707 
278 

51-9 
573 
373 
701 
448 


1070 
1088 
1090 
1096 
1100 
1079 
1054 
103-9 
1080 
1070 
108  I 
1081 
1 0^)8 
105  2 
10 10 
1065 
1055 
1043 
1047 
1053 


2^ 
E 


1398 
1376 
1410 
I44I 
M5'3 
1475 
135-8 
125-8 
1340 
124-9 
1432 
1448 

1334 
>35'0 
1168 
1310 
1299 
120-9 
134-8 
1247 


328 

288 
320 

34'5 
353 
396 
304 
219 
260 
17-9 
35-1 
367 
266 
298 
12-8 
245 
24-4 
166 
301 
194 


H 

o  e 


260 
290 
235 
90 
120 

245 
22-5 
130 
170 
125 
180 
225 
130 
330 
2 10 
160 
310 
20-5 
325 
210 


Condition  of 
Surface. 


Smoked    and 
little  rusted. 


}  Rusted  round  the 
edges  and  smoked 

Somewhat  irre- 
gularly rusted 
and  smoked. 

)  Rusted    chiefly 

j      at  edges  and 

smoked. 


Rusted  slightly 
^    all  over.    No 
smoke. 
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TABLE  XLI II.— STEEL  PLATE.    THICKNESS,  256  CENTIMETRES. 
AREA,  1054  SQUARE  CENTIMETRES. 


Date.  1896. 

1 

C.G.S.  Heat-UniU 
Tratumitted  per  Minute. 

|i 

h 

"5  7 

il 

m 

31 

1. 

k 

5S 

1 

1 
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Surface. 

Feb.   20 

9425 

6.581 
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6296 

1049 

1350 
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Clean    Surface 

Jan.    31 

1 

8870 

6,698 

146 

6357 
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27-6 
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Feb.     7 

I 
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6,287 
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,  5967 

1070 
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340 

Jan.    27 

... 
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6.172 
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1303 
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21-0 

Feb.  21 

I 

8540 
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1320 
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M    10 
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10O7 

1260 

19-3 
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Jan.    16 
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4.290 

93 
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1250 
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Feb.     3 

I 
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4.410 

9-6 
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II 
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2ro 

Jan.    30 

I 

7470 
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'  3266 

1070 

1238 
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,.    30 

U 
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3.208 
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3045 
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1213 

14-8 
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Feb.     3 

II 

7000 

2,909 

6-33 

2761 

io6-2 

1194 
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Jan.    31 

11 

6600 

2.521 

5'49 

2393 

1070 

II8-8 

n-8 

34-0 

Feb.  21 
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6600 

2,945 

6-41 
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104' 1 
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M        7 

II 
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2.119 

4-61 

2011 

104-4 

1146 

IO-2 

325 

fan.    29 

781-5 

4.315 

938 

'40-96 

107-5 

1280 

205 

255 

TABLE  XLIV.— STEEL  PLATE.    THICKNESS.  256  CENTIMETRES. 
AREA.  1054  SQUARE  CENTIMETRES. 


Date.  1896. 
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Condition  of 
Surface. 


Smoked. 
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TABLE  XLV.— COPPER  PLATE. 

THICKNESS,  0^4  INCH  =  23 

CENTIMETRES. 

AREA.  Q63 

SQUARE  CENTIMETRES. 

n.te.  1895. 

'         CU.S.  Heat-Unlti 

1! 

If 

1 

si 

1. 
II 

^0 

§1 
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1 

Surface. 
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no 

„ 
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13.810 
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no 

„ 
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,. 
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9,560 
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12-9 
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97 
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„ 

„       21        I 

10.680 
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12-0 

no 

Smoked. 
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„ 

..     16    ... 
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22-8 
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114-8 
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„ 

July   23    ... 

15.320 

36-4 

1590 
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1201 
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„ 

,.     23      I 

14.140 

33-6 

146-8 

1062 
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12-8 

14-0 

„ 

..     23    II 
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38-2 
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FIG.  89. 
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The  curves  in  diagrams  Figs.  89  and  90  have  been  plotted 
from  these  results,  and  the  following  are  the  remarks  of  Miss 
Bryant  on  them  :  ''In  Figs.  89  and  90  parabolas  are  drawn 
passing  nearly  through  the  points  representing  the  results  given 
in  Tables  XLI.,  XLIL,  and  XLIII.  and  XLIV.  respectively. 
It  will  be  seen  that  all  the  results  follow  nearly  the  parabohc  law 

^H=(T-ioo)» 

where  H  is  the  number  of  heat  units  transmitted  per  square 
centimetre  per  minute,  and  T  the  temperature  of  the  hot  wall  in 
degrees  Centigrade. 

'*  A  comparison  of  the  curves  in  Fig.  89  shows  that,  when  both 
surfaces  are  blackened,  for  the  same  temperature  of  the  hot 
wall  the  evaporation  through  the  steel  plate  was  greater  than 
that  through  the  copper,  and  thus  the  superior  conductivity  of 
the  latter  gives  it  no  appreciable  advantage  in  this  respect. 
With  surfaces  covered  with  oxide  the  effects  are  nearly  the 
same  for  the  two  plates,  and  the  evaporation  in  both  cases  is 
much  less  than  with  blackened  surfaces. 
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^*A  comparison  is  afforded  in  Fig.  90  between  the  effects  of  a 
clean  and  of  a  blackened  surface  exposed  to  radiation.  Irregu- 
larities in  the  clean  surface  have  caused  the  results  to  be  some- 
what irregular,  but  it  will  be  seen  that,  while  those  for  the 
blackened  surface  follow  very  nearly  the  parabolic  law,  those  for 
the  clean  surface  deviate  considerably  from  it.  In  every  case 
the  evaporation  increases  somewhat  more  rapidly  than  it  would 
if  the  parabolic  law  were  exactly  followed,  and  the  author  finds 
that  Mr.  Blechynden^s  results  deviate  from  this  law  in  an  exactly 
similar  way,  although  the  mode  of  heating  and  the  methods  of 
measurement  which  he  adopted  were  very  different  from  those 
now  described.  With  a  blackened  surface  the  heat  is  almost 
entirely  supplied  by  radiation,  and  the  curve  is  very  nearly  a 
parabola.  With  a  clean  surface  the  heat  supplied  by  convection 
becomes  relatively  more  important,  and  the  deviation  from  the 
parabola  is  increased.  An  experiment  arranged  so  that  the  hot 
gases  acted  directly  on  the  plate  showed  a  deviation  from  the 
parabolic  law  in  the  same  direction  and  of  very  much  greater 
amount.  A  possible  explanation  of  this  is  that  while  the  heat 
gained  from  radiation  is  proportional  to  the  square  of  the  differ- 
ence of  temperature  between  the  surfaces,  that  due  to  convec- 
tion is  more  nearly  proportional  to  a  higher  power  of  this 
difference.  Attempts  to  measure  precisely  the  actual  temperature 
of  the  gas  when  it  strikes  the  plates  were  not  successful.  Any 
temperature  between  the  highest  in  the  furnace  and  one  very 
near  that  of  the  surface  of  the  plate,  i.e.^  about  160°  C.  could  be 
obtained  by  placing  a  junction  at  different  positions  in  the  hot  gas, 
and  it  was  evident  there  was  a  layer  of  cold  gas  next  the  plate. 

"  A  curious  effect  was  noticed  during  the  experiments.  On 
several  occasions  when  the  vessel  boiled  dry,  a  sudden  fall  of  the 
temperature  of  the  plate,  especially  near  its  upper  surface,  occurred, 
followed  by  a  rapid  rise.  The  cooling  is  evidently  due  to  rapid 
evaporation  taking  place  when  the  water  is  nearly  boiled  away,  and 
is  followed  by  a  rise  of  temperature  as  soon  as  the  surface  is  diy." 
These  remarks  confirm  the  opinion  that  in  Mr.  Blechynden^s 
experiments  the  effects  of  convection  in  the  heating  were  absent, 
on  account  of  the  impossibility  of  a  proper  circulation  of  the  gases 
taking  place  in  contact  with  the  metal  plate,  and  they  show  that  if 
heating' by  convection  had  been  properly  carried  out,  the  "para- 
bolic law  "  would  not  have  applied  to  his  experimental  results. 
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The  "  layer  of  cold  gas  next  the  plate  "  points  to  the  fact 
that  the  circulation  of  the  hot  gases,  in  the  case  of  Miss  Bryant's 
experiment,  was  not  sufficiently  rapid.  Some  experiments  were 
also  made  on  the  effect  of  oil  on  the  water  surface  of  the  con- 
ducting plate,  but  the  results  obtained  were  not  remarkable. 
The  comparison  made,  however,  between  the  fusible  plug  method 
and  the  thermo-junction  method  of  measuring  temperatures 
is  of  some  importance.  Plugs  and  ther mo- junctions  were 
inserted  in  the  same  plate,  and  their  temperature  indications 
were  compared  and  found  to  be  as  follows  : — 

Temperature  of  Lower  Surface  of  Plate. 


By  Thennn-j unctions. 


II2-5'*  C. 
123-5°  C. 

1300'  c. 


By  Fusible  Plugs. 


About  123°  C. 

Between  139°  C.  and  149°  C. 

Above  lai**  C. 


Not  only  was  it  found  that  the  fusible  plugs  gave  records 
which  were  not  consistent  with  themselves,  by  melting  at 
different  temperatures,  but  also  they  invariably  showed  a  higher 
temperature  than  that  of  the  plate. 

For  this  reason  the  results  of  Sir  A.  (then  Mr.)  Durston's  ex- 
periments are  not  here  quoted  in  detail,*  although  they  possess 
considerable  interest,  but  chiefly  in  connection  with  the  fire-tube 
class  of  boilers.  It  is  extremely  difficult  to  ensure  a  sufficient 
supply  of  water  to  the  surfaces  of  flat  tube  plates,  either  vertical 
or  horizontal,  which  hold  a  number  of  tubes  through  which 
flame  and  hot  gas  are  passing — the  same  hot  gases  and  flame 
also  striking  against  the  tube  plate.  There  is  a  similar  difficulty 
in  getting  an  adequate  circulation  of  water  on  the  surfaces  of 
the  inner  rows  of  horizontal  fire  tubes,  especially  those  nearer 
the  top,  as  the  steam  generated  below  must  pass  around  these 
on  its  escape  upwards.  Hence,  no  doubt,  flame  tubes  must 
become  hotter  than  water  tubes,  and  that  either  they  or  the  flat 
tube  plates  become  too  hot  for  durability  of  tube  joints,  experi- 
ment and  practice  both  show. 

Zittenberg^s  Expenments. — Mr.  Zittenberg*  made  similar  experi- 
ments to  some  of  Mr.  Durston's,  but  measured  the  temperature 

'  Tliey  will  be  found  recorded  in  Chap.  II.      '  See  Engiuecrin^^  V'ol.  Iv.,  p.  440 
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of  the  plate  by  maximum  thermometers  dipped  in  holes  tapped 
almost  through  the  whole  thickness  of  the  plate  and  filled  with 
quicksilver.  He  found,  with  4^  inches  of  blast  pressure  on  the 
fire,  "  an  excess  of  14^°  C.  at  a  steaming  power  of  35  lbs.  per 
square  foot,  against  an  excess  of  44°  C.  to  68°  C.  in  the  two 
experiments  of  Mr.  Durston  with  a  f-in.  steel  plate."  No  such 
differences  as  the  latter  should  be  found  in  the  metal  of  properly 
constructed  water-tube  boilers  at  work. 

Experiments  on  a  Niclausse  Water-tube  Boiler. — The  most 
recent  experiments  of  a  similar  kind  to  the  foregoing,  and 
probably  the  only  ones  hitherto  made  with  a  water-tube  boiler, 
are  those  carried  out  by  the  Messrs.  Niclausse  on  one  of  their 
boilers,  and  fully  reported  in  a  paper  read  at  the  Congres 
de  Mecanique  at  Paris  in  1900.  The  boiler  was  composed  of 
twelve  rows  of  steel  tubes,  having  in  each  row  10  tubes  of 
323  ins.  (or  82  mm.)  external  diameter,  and  635  feet  (or  1-94  m.) 
long.  The  external  surface  of  each  row  was  538  square  feet 
(or  5  sq.  metres)  and  the  total  heating  surface  of  the  boiler  was 
53*8  X  12  =  645  square  feet  (or  5  x  12  =  60  sq.  metres).  The  grate 
area  was  2 15  sq.  feet  (or  2  sq.  metres)  and  the  ratio  of  total 
heating  surface  to  grate  area  was  30  to  i.  The  internal  circulating 
tubes  were  each  i  ^\  inch  (or  40  mm.)  diameter. 

For  these  experiments  each  horizontal  row  or  storey  (ctage)  of 
tubes  was  provided  with  distinct  upcast  and  downcast  passages 
to  the  steam  and  water  drum  and  with  a  separate  feed  pipe,  and 
the  evaporation  from  each  row  was  measured  separately,  the 
rows  being  numbered  from  i  to  12  upwards,  beginning  with  the 
row  immediately  over  the  fire.  The  calorimetric  value  of  the 
coal  used  was  12-91  lbs.  of  water  evaporated  from  and  at  212°  F. 
per  lb.  of  coal  and  in  each  of  the  trials  (lasting  about  eight 
hours  each)  nine  different  rates  of  combustion  per  square  foot 
of  grate  with  the  same  coal  were  employed,  beginning  with  a 
minimum  of  10  lbs.  and  going  on  to  a  maximum  of  60  lbs.  per 
square  foot  of  grate  per  hour.  The  steam  was  evaporated  in 
all  the  trials  at  atmospheric  pressure  from  a  feed- water  tempera- 
ture of  32°  F.  (or  11°  C).  Both  coal  and  water  were  carefully 
weighed,  but  neither  the  temperature  nor  the  composition  of  the 
escaping  gases  was  examined,  the  tests  being  merely  to  deter- 
mine the  relative  amounts  of  evaporation  from  each  row  or 
storey  of  tubes  at  the  different  rates  of  combustion. 


i88 


THE  PRACTICAL  PHYSICS  OF 


THE  MODERN  STEAM  BOILER.  189 

The  following  were  the  rates  of  combustion  employed  : — 

50  75  100  125  150  17s  200  250  300  kilos  of  coal  per  sq. 
metre  of  grate  surface  per  hour,  or 

10  15  20  35  30  35  40  50  60  lbs.  coal  per  sq.  ft.  grate 
surface  per  hour. 

A  remarkable  feature  of  the  results  is  found  in  the  fact  that 
the  percentage  of  the  total  evaporation  yielded  by  each  of  the 
twelve  rows  remained  the  same,  whether  10  lbs.  or  60  lbs.  of  fuel 
were  burned  per  square  foot  of  grate  area  per  hour.  This 
showed  that  the  relative  value  of  each  row  for  evaporation  was  a 
fixed  quantity. 

The  results  are  set  out  in  the  curves  in  diagram,  Fig.  91, 
which  gives  the  plotted  results  of  evaporation  from  each  row  in 
percentage  of  the  total  evaporation  from  the  twelve  rows.  The 
first  three  rows  nearest  the  fire,  with  161  sq.  feet  of  heating 
surface,  gave  4794  (nearly  50)  per  cent,  of  the  total  evaporation 
from  645  sq.  feet  ;  the  remaining  5206  per  cent,  required  three 
times  that  amount  of  surface  as  provided  by  the  remaining  nine 
rows.  Diagram  Fig.  92  gives  the  evaporative  rates  for  each  row 
of  tubes  in  lbs.  of  water  per  sq.  foot  of  heating  surface  per  hour 
for  the  nine  different  rates  Of  combustion,  the  vertical  scale 
representing  the  pounds  of  water  evaporated  and  the  horizontal 
the  number  of  each  row  of  tubes.  The  first  row,  nearest  the 
fire,  evaporated  from  a  minimum  of  8J  lbs.  of  water  per  square 
foot  of  heating  surface  per  hour  to  a  maximum  of  34^  lbs.  ; 
whilst  the  twelfth  row  evaporated  only  from  i^  lb.  to  a  maximum 
of  6  lbs.  per  square  foot  per  hour. 

Diagram  Fig.  93  shows  the  heat  efficiency  for  each  row  of 
tubes  and  for  the  different  rates  of  combustion.  The  vertical 
scale  on  the  left  gives  lbs.  of  water  evaporated  per  lb.  of 
coal,  and  that  on  the  right  the  percentages  of  heat  efficiency, 
whilst  the  horizontal  scale  shows  the  numbers  of  the  rows 
of  tubes.  The  curves  give  the  results  for  the  different  rates  of 
combustion  in  lbs.  of  coal  per  square  foot  of  grate.  The 
lOO  per  cent,  line  coincides  with  the  calorific  value  of  the 
coal.  It  is  apparent  that  the  lowest  rate  of  combustion, 
viz.,  10  lbs.  per  square  foot  of  grate  area  per  hour,  gives  the 
highest  heat  efficiency  with  this  boiler,  and  that  the  efficiency  is 
lowest  at  the  highest  rate  of  combustion. 

Diagram   Fig.  94  gives   the   plotted   results  on   a  base   line 
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of  lbs.  of  water  evaporated  per  square  foot  of  heating  surface 
per  hour,  with  the  heat  efficiencies  of  the  boiler  as  a  vertical 
scale.  In  this  way  the  efficiencies  "can  be  read  off  and  com- 
pared with  different  evaporative  results.       The  curves  represent 
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the  results  obtained  from  the  different  rows  of  tubes  and 
for  the  different  rates  of  combustion.  The  dotted  lines  to 
the  left  are  assumed  so  that  at  zero  evaporation  there  will 
be  zero  efficiency. 

The   general  result  with   this  boiler  is  that  all  the  lines   of 
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heat  efficiency  decrease  with  the  higher  rates  of  combustion, 
and  are  lowest  with  the  highest  rates  of  evaporation.  The 
experiments,   however,   show   that    an   evaporation   of  34  lbs. 
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of  water  per  square  foot  of  heating  surface  per  hour  is  obtained 
without  injui7  to  the  tubes. 

Row^s  Experiments, — The   experiments    carried   out    by   Mr. 
O.    M.    Row,   and    communicated  by  him  to    the    Manchester 


192  THE  PRACTICAL  PHYSICS  OF 

Association  of  Engineers  (27th  February,  1897),  show  the 
remarkable  effects  of  the  indentations  of  the  **  Row "  tube 
upon  the  efficiency  of  heat-transmitting  surface.  In  several 
experiments  the  time  required  to  tranemit  a  given  amount 
of  heat  from  steam  to  water  was  one- half  of  that  required 
in  the  case  of  plain  cylindrical  tubes  of  exactly  the  same  heating 
surface.  In  order  to  ensure  the  employment  of  the  same 
area  of  heating  surface,  the  same  tubes,  which  had  first  been 
tested  as  plain  tubes,  were  afterwards  indented  and  then 
tried  under  identical  conditions  in  their  new  form. 

The  increased  effect  has  been  ascribed  to  a  "scouring 
action  *'  due  to  the  form  of  the  indented  tube,  which  prevented 
the  adherence  of  steam  bubbles  to  the  surface,  and  whilst 
that  is  probably  true  there  seems  little  doubt  that  additional 
velocity  is  imparted  to  the  movement  of  the  currents  in 
consequence,  not  only  of  frequent  changes  of  direction,  but  also 
of  the  fluids  being  compelled  to  assume  the  form  of  com- 
paratively thin  films  in  contact  with  the  heating  surfaces. 

Movement  of  Hoi  Gases. — Sir  A.  J.  Durston  made  a  series  of 
measurements  of  the  temperatures  at  various  points  in  the  travel 
of  hot  gas  in  a  flame-tube  boiler,  commencing  at  the  combustion 
chamber,  and  then  at  successive  intervals  of  length  inside  some 
of  the  tubes,  up  to  the  smoke  box.  These  measurements  were 
made  with  a  Le  Chatelier  electrical  pyrometer  and  are  shown  in 
the  following  Table  and  cur\-e  (Fig.  95),  which  gives  the  mean 
results  of  eight  sets  of  records. 
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Table  XLVI. 


Degrees 

Fahr. 

Temperature 

in  combustion  chamber 

■       1644 

II 

iust  inside  tube 

•       1550 

•1 

in  *ube  i  inch  from  combustion  chamber 

.       1466 

II 

II      2          „                „                „ 

.       1426 

II 

II       3          II                II                 II 

•       1405 

II 

II      4          II                II                II 

I412 

II 

II      5          II                II                II 

■       1398 

II 

II      0          „                „                „ 

1406 

II 

II       7          II                II                II 

1400 

•     II 

II       "          II                II                 II 

14IO 

II 

II  I  ft.  2  ins. 

.. 

.       1368 

II 

II  *   II  "   II                   II                 11 

•       1295 

II 

II    2    II    "     n                          II                       II 

II98 

II 

II    3    II    "    II                          II                       II 

... 

•       II06 

II 

II  4  II  °   II                   II                II 

IOI5 

11 

II  5  II  °   II                 II               II 

926 

II 

II  6  „  8   „                  „                „ 

.. 

887 

';  _  _ 

in  smoke  box                  „                 „ 

.         782 

KIG.  95. 
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Another  curve,  slightly  different  in  form,  will  be  found  recorded 
in  Sennett  &  Oram's  work  "On  the  Marine  Steam  Engine" 
(Fig.  15,  p.  41)  ;  see  also  Fig.  96.  The  boiler  used  in  these 
experiments  was  the  ordinary  marine  Scotch  or  cylindrical  boiler 
in  Keyham  Yard.  It  had  two  furnaces  (3ft.  6in.  diameter)  and  166 
return  tubes  2|ins.  outside  diameter  and  6ft.  8in.  long,  measured 
to  the  outsides  of  the  tube  plates.  The  boiler  was  worked  at  its 
normal  capacity,  the  consumption  of  coal  being  about  17  lbs.  per 
square  foot  of  grate.  Sir  A.  J.  Durston's  Paper  contains  no  infor- 
mation as  to  the  quantity  of  hot  gases  escaping  per  minute,  but  as 
on  a  total  grate  area  of,  say,  46  square  feet,  there  were  46  x  17= 
782  lbs.  of  coal  burned  per  hour, 
or  V??  =  13*2  lbs.  burned  per  minute, 
on  the  supposition  that  18  lbs.  of  air 
were  supplied  per  lb.  of  coal,  we 
can  arrive  at  an  idea  of  the  volume 
and  velocity  of  the  gases  by  means 
of  Rankine's  rule,  quoted  in  Chap. 
III.,  p.  63.  The  total  area  of  the 
return  tubes  at  2  J  ins.  inside  diameter 
was  49087  X  166  =  814*84  square 
inches,  and  therefore  it  appears 
that,  taking  the  temperature  of  the 
gases  at  either  the  highest  or  the 
lowest  temperature  in  the  tubes,  the 
velocity  in  feet  per  second  must 
have  been  very  low  (apart  from 
their  probably  being  throttled  by 
the  pyrometer  in  the  tubes  actually 

tested),  and  on  that  account  the  transmission  of  heat  must  have 
been  at  a  low  rate  also.  Moreover,  the  tube  surface  jn  this  form 
of  boiler  is  robbed  of  its  efficiency  by  being  placed  right  in  the 
path  of  all  the  steam  generated  from  the  surface  of  the  furnaces. 
The  Table  also  shows  that  the  gases  did  not  flow  through 
the  tubes  in  straight  steam  lines,  undulations  of  temperature 
being  recorded  at  from  three  to  four  inches,  live  to  six  inches, 
and  seven  to  eight  inches. 

It  has  been  ascertained  from  investigations  of  the  movement 
and  velocity  of  chimney  gases,  that  the  motion  of  hot  gases, 
while  proceeding  along  passages  which  introduce  the  elements 
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of-friction  and  of  changes  of  temperature,  assumes  the  form  of  a 
spiral  vortex.  The  vortex  movement  may  also  be  seen  when 
either  heated  gas  or  steam  is  allowed  to  escape  into  a  cooler 
atmosphere.  It  has  often  been  noticed  that  the  smoke  escaping 
from  the  top  of  a  tall  chimney  moves  not  in  straight  lines, 
but  in  curls,  which  have  the  shape  of  vortices.  See  Fig.  97. 
Combined  with  this,  in  Mr.  Mactear^s  results'  the  point  of 
greatest  speed  was  found  at  a  less  distance  from  the  out- 
side of  a  flue  or  chimney  than  one-third  of  the  radius,  which 
Peclet  indicated  as  the  point  of  greatest  speed.  It  would  follow 
from  this  that  by  adopting  a  spiral  form  of  flues  or  passages  for 
the  hot  gases,  there  would  be  no  difficulty  in  obtaining  sufficient 
movement  to  prevent  any  stagnation  of  gases  at  the  surfaces  of 
the  tubes. 

*^  Layers"  of  Gases. — The  idea  of  a  layer  of  cold,  or  rather  of 
cooled,  gases  adhering  to  the  heating  surface  of  boilers,  advanced 
by  Miss  Bryant  and  other  investigators,  is  contrary  to  known  laws 
of  the  diffusion  of  gases.  If  cooled  gases  are  delayed  by  eddies 
or  otherwise  in  contact  with  the  metal,  long  enough  to  interfere 
appreciably  with  heat  transmission,  this  only  shows  that  greater 
movement  or  agitation  of  the  gases  is  what  is  wanted.  For 
philosophic  discussion  of  the  subject  of  heat  transmission 
between  gases,  solids,  and  liquids,  it  may  be  advisable  to  imagine 
a  series  of  layers  of  almost  infinitesimal  thinness,  as  has  been 
done  by  Fourier  and  by  Lord  Kelvin,  and,  following  them,  in 
Mr.  Halliday^s  recent  paper.*  But  there  is  danger  in  allowing 
such  a  "  mental  picture "  to  occupy  the  place  and  attain  the 
importance  of  an  acknowledged  fact.  It  must  not  be  forgotten 
that  in  this  matter  we  are  dealing  with  molecular  vibrations  of 
some  sort  (about  which,  however,  we  know  very  little  beyond 
the  fact  that  there  are  such  vibrations)  passing  through  different 
media  which  are  in  intimate  contact  with  one  another.  In 
traversing  media  with  different  degiees  of  molecular  mobility — 
such  as  solid,  liquid,  and  gas — there  are  probably  differences  in 
the  period  of  the  vibrations,  or  there  is  a  period  peculiar  to  each 
substance,  and  the  change  from  one  period   or  frequency  to 

*  See  Mills  and  Rowan  "  On  Fuel  and  its  Applications,"  pp.  379,  380  ;  also 
Reports  on  the  Examination  of  Chimney  Gases,  Alkali  Manufacturers'  Associa- 
tion, 1 876- 1 877. 

•  Trans.  Inst.  Engineers  and  Shipbuilders  in  Scotland,  Vol,  xlii.  p.  41. 
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another  may  introduce  some  resistance  or  loss.  But  if  the 
movement  can  be  transmitted  through  a  comparatively  rigid  body, 
like  iron,  with  an  almost  inappreciable  resistance,  it  ought  to  be 
possible  to  transmit  vibrations  of  the  same  nature  between 
different  substances  in  intimate  contact  without  any  considerable 
loss.  It  is,  however,  urged  that  "  a  film  of  cooled  gases  "  does 
not  correctly  describe  the  state  of  affairs.  "  Was  it  not  better  to 
say,"  said  one  author,  "  the  adhesive  film  almost  infinitesimally 
thin,  varied  in  temperature  from  the  temperature  of  the  plate 
on  one  side  to  that  of  the  gases  on  the  other,  which  would 
probably  be  from  400°  to  2500°  F.  in  the  thickness  of  a  bit  of 
paper."  But  this  really  alters  the  matter  very  little,  because  in 
it  there  is  an  "  adhesive  film  "  which  has  the  temperature  of  the 
plate  at  one  face,  whilst  immediately  outside  of  that  there  may 
be  a  temperature  2000°  higher.  That  is  certainly  a  very  near 
approach  to  "  a  film  of  cooled  gases  " — it  merely  alternates  the 
film,  but  not  the  idea.  There  arej  however,  some  explanations 
given  to  us  :  "  Although  there  is  an  adhering  film  of  gas  it  is  not 
quite  evident  that  the  same  particles  of  gas  will  form  that  film. 
It  is  hardly  to  be  expected  that  this  will  be  so,  when  there 
is  constantly  rolling  against  this  film  of  gas,  gas  of  the  same 
kind  greatly  agitated.  The  fire  side  of  the  film  will  hardly  be 
defined,  there  may  be  breaches  into  it,  and  there  will  be  diffusion, 
and  if  the  theory  of  heat  is  correct,  there  will  be  a  constant 
interchange  of  particles.  That  being  so,  and  the  velocity  of  the 
particles  being  as  the  square  of  the  temperature,  there  will  be 
an  average  effect  which  should  be  greater  than  that  expected 
from  a  simple  rise  of  temperature." 

It  will  certainly  occur  to  many  that  there  is  no  reason  why  the 
diffusion  by  interchange  of  particles  should  have  an  arbitrary 
limit,  and  why  the  fresh  particles  of  gas  should  not  "  roll 
against"  the  metal  surface  itself  instead  of  stopping  at  the 
"  adhering  film  "  which  only  consists,  after  all,  of  gas  of  the  same 
kind  as  that  which  is  "  rolling."  If  the  rolling,  or  interchange 
of  particles,  or  diffusion,  proceeds  as  far  as  w-e  maintain  it  does, 
that  is,  as  far  as  the  walls  of  the  chamber  confining  the  gas, 
there  is  then  no  probability  of  the  existence  of  **  an  adhesive 
film  "  of  gas,  and  the  only  valid  explanation  of  slow  conduction  of 
heat  from  hot  gases  to  metal  is  that  of  slowness  of  movement  of 
the  gases — always  adding  the  possibility  of  resistance,  due  to 
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alteration  of  the  frequency  of  vibrations.  The  same  view  holds 
good  as  to  the  water  side  of  the  plate,  but  because  the  rate  of 
movement  required  for  the  water  is  not  so  great  as  that  required 
for  gases,  better  results  have  been  reached  with  it,  as  we  have 
seen.  The  good  results  obtained  with  steam  as  the  heating 
agent,  instead  of  fire  gases,  may  be  accounted  for  on  similar 
grounds.  It  has  been  possible  to  reach  with  ordinary  apparatus 
the  velocity  required  by  the  steam,  this  being  less  than  that 
required  by  highly  heated  and  therefore  expanded  gases  of  less 
specific  heat  and  less  density  than  the  steam. 

Diagrams  such  as  the  one  published  by  Mr.  Halliday  ("  Steam 
Boilers,"  p.  50,  fig.  20),  or  the  one  shown  by  Professor  Watkinson 
(Trans.  Inst.  Engineers  and  Shipbuilders  in  Scotland,  Vol.  xli., 
pp.  58,  59),  are  misleading,  because  they  do  not  properly  represent 
the  actual  facts.  (See  also  Trans.  Inst.  Engineers  and  Ship- 
builders, Vol.  xli.,  p.  130.) 

There  is  not  a  loss  of  heat  corresponding  to  the  drop  of 
temperature  represented  by  the  diagrams,  nor  is  that  drop  a 
proof  of  great  resistance.  Apart  from  the  great  difficulty  of 
correctly  measuring  the  changes  of  temperature  in  the  portions 
of  gases  or  water  immediately  beside  the  iron  surfaces,  the 
diagrams  cannot  discriminate  between  the  quantity  of  heat 
passing,  and  the  actual  temperature  at  the  point  measured.  It 
has  been  shown  by  M.  Hirsch  that  an  evaporation  of  75  lbs.  of 
water  per  square  foot  of  surface  per  hour  need  not  cause  a 
difference  of  temperature  between  the  surfaces  of  the  plate  of 
more  than  300°  F.  even  with  his  apparatus,  and  an  evaporation 
of  140  lbs.  per  square  foot  per  hour  has  been  carried  on  with  a 
difference  of  only  107°  F.'  under  specific  conditions.  The  truth 
is  that  the  actual  temperature  of  the  metal  is,  practically,  a 
static  condition,  whilst  the  flow  of  heat  is  a  dynamic  process 
and  the  diagram  cannot  properly  represent  both.  Regarding 
these  differences  of  temperature,  Lord  Kelvin  has  said  (Article 
"  Heat "  Encycl.  Brit.,  9th  Edtn.),  "  AUhough  the  water  or  air 
at  the  very  interface  of  its  contact  with  the  metal  is  essentially  at 
the  same  temperature  as  the  metal,  there  must  be  great  diffe- 
rences of  temperature  in  very  thin  layers  of  the  fluid  close  to  the 

*  This  was  the  temperature  difference  between  steam  (used  for  heating)  and 
water,  and  therefore  that  of  the  iron  surfaces  could  not  have  been  so  high. 
(See  Table  at  p.  138).  Compare  also  Professor  Witz's  result  on  p.  2 16  following. 
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interface  when  there  is  a  large  flux  of  heat  through  the  metal,  and 
the  temperature  of  the  fluid,  as  measured  by  any  practicable 
thermometer,  or  inferred  from  knowledge  of  the  average  tem- 
perature of  the  whole  fluid,  or  from  the  temperatures  of  entering 
and  leaving  currents  of  fluid,  may  differ  by  scores  of  degrees 
from  the  actual  temperature  of  the  solid  at  the  interface."  As 
the  commencement  and  ending  of  these  remarks  are,  however, 
in  apparent  conflict,  it  is  probable  that  Lord  Kelvin  meant  at 
starting  to  say  that  portions  of  the  fluid  were  momentarily  at  the 
temperature  of  the  iron  at  the  surface.  The  fact  that  both  gases 
and  water  are  in  rapid  motion  (the  more  rapid  the  better)  would 
prevent  the  arrangement  of  either  into  "kiyers,"  the  actual 
formation  of  which  would  demand  totally  different  conditions. 
It  is  important  that  Lord  Kelvin  admits  that  the  temperature 
of  the  fluid  may  differ  by  scores  of  degrees  from  the  actual 
temperature  of  the  solid  at  its  surface  when  there  is  a  large  flux 
of  heat  through  the  metal. 

Compansoti  of  Heat  Transmission  with  Electtical  and  Magnetic. 
— Perhaps  the  clearest  view  of  the  action  is  afforded  by  a  com- 
parison with  the  analogous  cases  of  electricity  and  magnetism. 

It   is   well  known  that  the  law  in  these  matters  is  C  =  p,  or 

.    ,         ...  .       electromotive    force,  . 

current  (quantity)  = -. -'    or    fqr     magnetism 

resistance  ; 

^  =  — -,  and,  as  in  the  case  of  heat  we  are  deaUng  with  allied 
molecular  vibrations,  it  is  reasonable  to  expect  that  the  con- 

'P TTl 

ditions  here  should  be  similarly  expressed,  viz.,  Q= — — — , 

Q  being  the  quantity  of  heat  flowing,  measured  in  heat  units. 
T— T*  being  the  difference  of  temperature  w^hich   causes  the 

flow,  and  thus  answering  to  the  difference  of  potential 

in  the  electrical  circuit  ;  and 
R  being  the  sum  of  the  resistance  opposed  to  the  flow  of  heat. 
In  one  respect  such  heat  measurements  are  much  less  complete 
than  those  of  electricity,  and  that  is  in  the  fact  that  no  proper 
measure  or  expression  of  this  resistance  (to  correspond  to  the 
ohm  in  electrical  measurements)  has  been  as  yet  arrived  at. 
Consequently,  in  dealing  with  the  transmission  of  heat  in  boiling 
or  steam  raising,  the  conditions  of  the  action  have  been  variously 
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expressed.  There  is  this  difference  between  the  action  here 
and  that  in  electrical  matters  that,  whereas  the  resistance  to  the 
flow  of  electrical  current  is  wholly  a  question  of  the  condition 
of  the  wire  or  metaUic  current,  in  the  transmission  of  heat, 
resistance  may  be  due  to  the  condition  of  the  metal  plate,  and 
also  may  be  in  great  part  due  to  the  want  of  proper  conditions 
in  the  fluids  which  form  part  of  the  circuit.  It  has  been 
customary  to  class  these  different  causes  of  resistance  under  the 
heads  of  the  internal  thermal  resistance  of  the  plate  and  the 
external  thermal  resistance,  but  to  confine  these  too  much  to  a 
question  of  the  plate  and  its  surfaces.  Rankine  says  :  "  The 
rate  of  external  conduction  may  be  expressed  by  dividing  the 
difference  of  temperature  by  a  coefficient  of  external  thermal 
resistance,  depending  on  the  nature  of  the  substances  and  also 
on  their  temperatures  "  ;  but  it  is  evident,  from  w-hat  we  have 
been  considering,  that  this  expression  must  also  be  made  to 
bear  some  relation  to  the  velocities  of  movement  where  air  or 
hot  gases,  or  steam  or  water,  are  concerned  in  the  action. 

The  difficulty  is  not  to  get  the  heat  to  pass  from  the  fluid  to 
the  iron,  or  vice-versa,  but  it  is  to  keep  the  fluids  in  the  best 
condition  for  the  maximum  flow-  of  heat. 

Professor    Perry^s    Formula. — FoUow'ing     Professor     Osborne 

Reynolds'   theoretical   forecast,  Professor  Perry*   has   recently 

suggested  a  general  symbolic    representation  of  the  theory  of 

transmission   in   fluids.      Let   average   velocity   be   V,   average 

temperature  (absolute)  of  gases  be  T,  and  average  temperature 

of  metal  plate  be  T^.     Suppose  a  layer  of  fluid  at  rest  at  the 

surface  of  the  metal  of  a  flue.     Per  unit  area  per  second  let  N 

molecules  enter  this  layer,  giving  to  it   axial  momentum  per 

second  proportional  to  NV.     This  is  what  is  meant  by  force  of 

p 
friction  F  per  unit  area  ;  so  that  N  <^^. 

Now,  each  molecule  brings  w^ith  it  kinetic  or  heat  energy 
proportionaLto  T,  and  takes  away  energy  proportional  to  T^. 

Neglecting  heat  resistance  between  layer  and  metal,  the  heat 
per  second  per  unit  area  brought  to  the  metal  is  H  ocN   (T— T^) 

or     Hot^(T-T„). 

*  Trans.  Inst.  Eng.  and  Shipbuilders  in  Scotland.  Vol.  xlii.  Part  I., 
25  Oct.,  1898.  Prof.  Perry's  remarks  did  not  appear  until  this  chapter  had 
been  written  up  to  this  point. 
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Now,  in  fluids  F  (XpV  where  p  is  the  density,  and  hence  in 
gases  H  is  proportional  to  V. 

The  weakness  of  this  expression  of  the  theory,  Professor 
Perry  remarked,  lies  in  the  use  of  average  V  and  T,  but  there 
can  be  no  question  as  to  its  importance. 

Professor  Perry  also  remarked  that,  at  present,  the  metal  resist- 
ance w-as  lioth  or  ic/ooth  of  the  whole  heat  resistance,  but  he 
thought  it  possible  to  get  nearly  to  the  condition  in  which  the 
metal  resistance  would  be  the  most  important  heat  resistance. 
In  that  case  it  is  apparent  that  the  phenomena  of  heat  trans- 
mission would  be  strictly  comparable  with  those  of  electrical 
transmission. 

Professor  R,  H.  Smithes  Formula. — Of  the  various  formulae  pro- 
posed in  connection  with  this  subject,  that  of  Professor  R.  H. 
Smith '  sought  to  express  the  relation  between  heating  surface, 
boiler  power,  and  boiler  efficiency.  The  following  Is  an  out- 
line of  his  examination  of  the  subject  and  of  some  of  his 
terms  : — 

B. H.H. P.  =  Boiler  heat  H. P. = Thermal  units  per  hour  delivered 
to  the  water  x  772-^1,980,000  {i.e.,  60  x  33,ooo=the  num- 
ber of  foot  pounds  per  hour  required  to  supply  energy  at 
the  rate  of  i  H.P.)=  the  heat  H.P.  of  the  boiler.      •  ' 
The  latent   heat   of  evaporation   of    i   lb.   steam   from  and  at 

212"  F.  =  900  ;  then  i  B.H.H.P.=  ^'9^Q^QQQ  =  265  lbs.  of 
^  966x772  ^ 

steam  evaporated  from  and  at  212°  F. — ?.^.,  the  evapo- 
rative power  as  usually  stated  -j-  2-65,  gives  the  strictly 
definite  measure  of  the  steaming  power  of  the  boiler  in 
H.P.  units.  The  average  of  fairly  good  boilers  and 
engines  gives  i  B.H.H.P.=  io  I.H.P. 

At  the  rate  of  15  lbs.  water  per  I.H.P.  per  hour  we  should  have 
5-66  B.H.H.P.  per  I.H.P. 

At  the  rate  of  30  lbs.  water  per  I.H.P.  per  hour  we  should  have 
11-32  B.H.H.P.  per  I.H.P. 

At  the  rate  of  45  lbs.  water  per  I.H.P.  per  hour  we  should  have 
16-98  B.H.H.P.  per  I.H.P. 

At  the  rate  of  60  lbs.  water  per  I.H.P.  per  hour  we  should  have 
2264  B.H.H.P.  per  I.H.P. 

*  See  "  Industries,"  Vol.  iii.  (1887),  pp.  i,  27,  413. 


THE  MODERN  STEAM  BOILER. 


201 


B.M.H.P.  =  Boiler  mechanical  H.P.  =  the  actual  amount  of 
mechanical  work  done  in  foot  lbs.  per  hour  by  the  water 
as  it  evaporates  and  expands  into  steam  -t-  1,980,000.  If 
V  cubic  feet  of  steam  be  evaporated  per  hour  at  absolute 
steam  pressure  =  P  lbs.  per  square  foot,  then 

PV 


B.M.H.P.  =  — 


Ratio    of   the   B.H.H.P.   to 


1,980,000 
B.M.H.P. 


for   different    steam 


pressures  : — 

Absolute  steam  pressure 
in  lbs.  per  sq*inch.. 
10 
25 
50 

75 
100 

125 
150 

17s 
200 
225 
250 


B.H.H.P. 
B.M.H.P. 

158 

151 

14-6 

14*35 

1415 
1405 

13-95 

13-85 

13-80 

1375 

1370 

Note.— The  ratio  is  less  for  high  than  for  low  pressures,  but  the  whole 
variation  is  very  small,  being  15  for  about  15  lbs.  above  atmosphere,  and  more 
than  13*6  for  300  lbs.  above  atmosphere,  no  account  being  taken  of  the  effect 
of  priming,  which  would  increase  the  ratio. 

The  B.H.H.P,  depends,  first,  on  the  amount  of  heat  generated 
per  hour  by  the  combustion  of  the  fuel  ;  and,  secondly,  on  the 
proportion  of  that  heat  extracted  from  the  furnace  gases  and 
transmitted  to  the  water.  The  heat  obtained  from  combustion 
depends  necessarily  on  the  quality  of  the  fuel  and  on  the  com- 
pleteness of  the  combustion  ;  and  Professor  Smith  took  as  an 
average  value  14,000  heat  units  or  10,810,000  foot  lbs.  per  lb.  of 
fuel;  11,000,000  foot  lbs.  or  14,250  heat  units  being  taken 
as  a  maximum  for  high-class  coal  and  10,000,000  foot  lbs.  or 
12,950  heat  units  as  a  minimum  for  poor  fuel. 

Measuring  the  rate  of  heat  generation  in  horse-power  and 
caUing  it  furnace  horse-power,  or  F.H.P.,  it  appeared  that  every 

F.H.P.  required    .M^o^ooo.    =  -183  lb.  of  fuel  per  hour. 
14,000  X  772 
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The  proportion  of  the  heat  so  generated  that  is  transmitted  to 

B  H  H  P 
the  water,  or  the  ratio     '    '    '    ',  expresses  the  boiler  efficiency 

in  view  of  the  heat  utiHsation.  Professor  Smith  admits  that  the 
efficiency  so  expressed  ranges  from  50  per  cent,  to  a  Httle  over 
90  per  cent.,  and  that  it  increases  with  the  length  of  heating 
surface  over  which  the  hot  gases  have  to  travel  before  escaping 
to  the  chimney.  It  is,  of  course,  affected  by  losses  from 
radiation,  conduction,  etc. ;  but,  according  to  Professor  Smith,  it  is 
increased  by  every  effective  means  taken  to  mix  the  various 
currents  of  gases  thoroughly  together,  so  that  the  hot  currents 
may  be  brought  into  close  proximity  to  the  plates  and  the  colder 
currents  withdrawn  quickly  into  the  parts  of  the  flues  more 
remote  from  the  heating  surface. 

In  calculating  the  rate  at  which  the  gases  cool,  by  giving  up 
their  heat  in  passing  from  furnace  to  chimney,  Professor  Smith 
remarks,  "  We  must  do  so  from  the  average  temperature  over 
the  whole  flue  section.  We  equate  this  to  the  rate  of  conduc- 
tion through  the  plates,  using  a  coefficient  of  conductivity  q  per 
square  foot  per  hour  ;  and  whether  \\t  use  Peclet*s,  Rankine's, 
or  any  other  formula  for  (/,  that  value  refers  to  a  surface  differ- 
ence of  temperature  between  gas  on  the  one  side  and  water  on 
the  other  side  of  the  plates.  We  must,  therefore,  allow  for  the 
difference  between  surface  and  average  gas  temperatures,  by 
taking  a  smaller  q  than  would  correspond  by  the  formula  to  the 
average.  This  lessening  of  the  eftective  conductivity  increases 
with  the  difference  between  surface  and  average  temperatures, 
and,  therefore,  increases  with  the  size  of  the  tube,  other  things 
being  equal."  "  Taking  all  these  three  equalising  agencies 
(mechanical  mixture,  radiation,  and  conduction)  as  equally  active 
in  large  and  small  tubes,  it  is  evident  that  the  excess  of  the 
average  over  the  surface  temperature  increases  with  the  size  of 
the  tube.  The  measure  of  the  excess,  other  things  being  c6n- 
stant,  may  fairly  be  taken  as  the  ratio  of  the  volume  of  gas  in  the 
flue  to  its  surface.  This  ratio  equals  the  *  hydraulic  mean  depth  ' 
of  the  flue,  being  one-fourth  the  diameter  for  round  and  one- 
fourth  the  side  for  square  tubes.  On  this  account,  the  boiler 
efticiency  may  fairly  be  considered  as  less  than  that  reckoned  on 
the  supposition  of  uniform  temperature  throughout  each  flue 
section,   by  an  amount,  roughly,   at    least   proportional   to   the 
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reciprocal  of  the  hydraulic  mean  depth  of  the  main  flues."* 
"  This  does  not  mean,"  adds  Professor  Smith, "  that  the  efficiency 
is  inversely  proportional  to  the  hydraulic  mean  depth.  If  e  be 
the  efficiency  calculated  for  uniform  distribution  of  temperature ; 
d  the  hydraulic  mean  depth  of  the  flue  or  tube ;  and  c  a  constant 
at  present  not  known,  but  which  is  not  so  small  as  10  be  unim- 
portant ;  then  the  true  efficiency  would  be 


e  = 


I  +  cd 


In  connection  with  this  subject,  Professor  Smith  points  out  that 
although  the  change  from  large  flue  section  to  small  brings  the 
surface  gas  temperature  more  nearly  to  equality  with  the  average, 
and  thus,  perhaps,  increases  the  boiler  efficiency,  yet  it  intro- 
duces a  large  amount  of  frictional  and  viscous  resistance  to  the 
passage  of  the  gases  through  the  flue,  which  resistance  has  to  be 
overcome  either  by  the  chimney  draught  or  by  an  equivalent 
furnace  pressure  supplied  by  a  fan  blast,  and  therefore  it  results 
in  higher  temperature  of  chimney  gases.  In  this  way  "  there  is 
quickly  reached  a  thermodynamic  limit  to  the  increased  economy 
obtained  by  increasing  the  ratio  of  length  to  sectional  perimeter 
of  the  flues." 

By  a  series  of  steps  or  "rules,"  dealing  with  different 
elements  of  the  subject,  Professor  Smith  arrived  at  the  following 
formula  : — 

S  being  the  heating  surface  in  square  feet  ; 

/»  being  a  factor  to  allow  for  loss  by  radiation  and  conduction 
from  the  outside  shell  of  the  boiler  and  by  incomplete 
combustion  ; 

y  being  a  factor  to  allow  for  loss  by  diminution  of  conductivity  by 
sludge  and  scaling,  and  sooting  of  the  plates  ; 

d  being  the  mean  hydraulic  depth  of  the  flues  in  inches  ; 

n  being  the  ratio  of  actual  air-supply  to  that  chemically  required 
for  complete  combustion  ; 

i  being  the  excess  of  steam  temperature  over  outside  air  tempera- 
ture in  degrees  F. ; 

*  i,€,  their  capacity  -|-  their  surface. 
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e  being  the  furnace  and  boiler  efficiency,  '.^.,  the  ratio  of  heat 
received  by  water  and  steam  to  the  heat  generated  by  com- 
bustion in  the  furnace. 

The  factor  50  was  chosen  by  reference  to  the  experiments  of 
Peclet  on  conduction  from  hot  gas  to  water  through  an  iron 
plate. 

In  calculating  the  heating  surface  required  per  B.H.H.P., 
Professor  Smith  said  that  *^  by  assuming  a  steam  pressure  of  75 
lbs.  per  square  inch  absolute,  and  certain  efficiencies,  and  certain 
values  of  c  ranging  from  3  to  10,  the  following  Table  of  heating 
surfaces  required  per  B.H.H.P.  has  been  calculated.  It  must  be 
remembered  that,  taken  per  engine  I.H.P.,  the  required  heating 
surface  will  be,  on  the  average,  ten  times  as  much.  Taken  per 
B.M.H.P.  it  is  fifteen  times  as  much  for  very  low-pressure,  and 
fourteen  times  as  much  for  high-pressure  boilers.  Certain 
allowances  have  also  to  be  made  as  explained  below^" 


Table  XLVII. 
HEATING   SURFACE    IN   SQUARE    FEET   PER   B.H.H.P. 


Boiler  efficiency    ^j"  "p^- 

•9                             -8 

•7 

•6 

•5 

C=-2  +  2-8n. 

Heating  surface  s<.iuarc  feet. 

3 
4 

5 
6 

7 

8 

9 
10 

•28 
•627 
1-494 
Impossible. 

1 

1 
i      - 

1 

•113                  -070 
•215         1           133 
•362                   219 
•579         '          •32« 
•883         !          -479 
1-315                 •^>55 

2'000                         902 
3212                      1'2I0 

•053 
•095 
•156 

•233 
•328 
■447 
•592 
•766 

•042 
076 
120 
•177 
•253 
•341 
•448 

•577 

Coal  per  hour 
per  B.H.H.P.  F.=:204              ^ 

•26 

•305 

•37 

In  the  above,  c  =  the  total  specific  heat  per  F.  degree  of  all  the 
gaseous  products  of  combustion  of  one  pound  of  fuel,  including 
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the  unburnt  excess  of  air  and  the  inert  nitrogen  of  the  air. 
The  "  allowances  "  referred  to  are  five  in  number  and  result  in 
causing  a  considerable  increase  in  the  surface  required  from  that 
shown  by  the  plotted  curve  of  these  figures.* 

Although  Professor  Smith  gave  effect  to  some  of  these  in  the 
complete  formula  quoted  above,  it  appeared,  from  a  later  endeavour 
to  apply  the  formula  to  the  results  of  trials  of  a  Thornycroft  water- 
tube  boiler,*  that  the  calculation  based  on  the  hydraulic  mean 
depth  of  flues  did  not  fully  apply  to  this  class  of  boilers,  and 
that  the  various  factors  could  not  fully  represent  the  actual 
state  of  affairs.  Moreover,  Professor  Smith's  calculations  take  no 
account  of  the  intensity  of  the  combustion,  which  must  exert  a 
considerable  effect  on  the  rapidity  of  transmission,  and  the 
"  boiler  efficiency  "  term  is,  as  usual,  an  expression  only  in  view  of 
heat  utilisation  apart  from  comparative  dimensions  of  the  boiler, 
so  that  it  is  not  an  expression  of  heat  efficiency  per  unit  of  heating 
surface.  It  has  also  been  remarked,  as  to  Professor  Smith's 
calculated  results  of  the  Thornycroft  trials,  that  "  the  extent  of 
surface  actually  needed  to  give  the  results  of  the  lowest  power 
trial  was  in  excess  of  that  given  by  the  formula,  when  the 
constants  were  adjusted  to  agree  with  the  highest  power  trial, 
in  the  ratio  of  277  to  118,  and  the  intermediate  ones  varied 
proportionately." ' 

Both  Mr.  D.  K.  Clark,*  Mr.  J.  A.  L^ngridge,'  and  Mr.  M. 
Longridge  *  have  proposed  formulae  dealing  with  the  proportions 
of  locomotive  boilers  and  their  evaporation,  but  none  of  these 
has  been  found  to  embrace  the  rates  of  heat  transmission 
with  varying  proportions  in  that  type  of  boilers  alone,  and 
it  is  apparent  that  the  wide  differences  in  design  in  water- 
tube  boilers  render  these  formulae  even  more  inapplicable 
to  them. 

Mr.  Hudson^ s  Formula. — The  only  formula  for  heat  trans- 
mission, including  a  factor  for  velocity  of  the  hot  gases,  which 

*  See  **  Industries,"  Vol.  iii.,  p.  28. 

'  Min.  Proc.  Inst.  C.E.,  Vol.  xcix.,  pp.  135-138,  145. 

*  Mr.  J.  G.  Hudson  in  The  Engineer^  Vol.  Ixx.  (1890),  p.  449. 

*  Min.  Proc.  Inst.  C.E.,  Vol.  xii.,  pp.  382-449. 

*  Min.  Proc.  Inst.  C.E.,  Vol.  Iii.,  pp.  98-176. 

*  Manchester  Association  of  Engineers,  January,  1890  ;  refer  also  to  Prof. 
R.  Werner,  Zeit.  des  Ver.  Dent.  Ingen.  (1883),  pp.  394-398,  abs.  in  Trans. 
N.  of  E.  Inst.  M.  Eng.,  Vol.  33,  p.  77. 
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has  been  as  yet  proposed  in  anything  like  a  complete  shape,  is 
given  by  Mr.  J.  G.  Hudson,  in  his  articles  on  "  Heat  Trans- 
mission in  Boilers,"  in  The  Engineer^  Vol.  Ixx.,  pp.  449,  483,  523. 
Mr.  Hudson  reasoned  from  the  results  of  Mr.  C.  Lang's  experi- 
ments (seep.  138  ante)  on  evaporation  virith  steam  heat,  and  from 
the  figures  given  by  Mr.  Wm.  Andeison  (in  Min.  Proc.  Inst.  C.E 
1883-84,  "  Heat  Lectures")  as  to  the  probable  temperature  of  the 
plates  of  a  boiler  over  the  furnace. 

To  cause  the  maximum  evaporation  given  in  Mr.  Lang's 
results  the  total  difference  of  temperature  needed  would,  accord- 
ing to  Mr.  Hudson,  be  only   4Q  x  1115  =36-4  degrees.     "  The 

heating  steam  would  therefore  need  a  temperature  of 
340  4-  36  =  376  degrees,  but  the  hotter  side  of  the  heating 
surface  would  be  even  cooler  than  this  by  the  differ- 
ence required  to  cause  the  transfer  of  heat  from  the 
steam  to  the  surface."  "  Now,"  said  Mr.  Hudson,  "  in 
effecting  the  same  rate  of  evaporation  by  fire  heat  instead 
of  steam,  the  same  amount  of  heat  has  to  be  trans- 
mitted, and  there  should  be  no  change  as  regards  the  head  or 
difference  of  temperature  needed  for  the  conduction  of  this  heat 
through  the  thickness  of  the  metal,  nor  for  its  emission  to  the 
water.  The  temperature  of  the  metal  will  therefore  remain 
unaltered."  Here,  however,  Mr.  Hudson  assumes  too  much,  as 
the  experiments  recorded  in  this  chapter  prove.  Even  taking 
Mr.  Anderson's  limit  of  the  melting  point  of  lead  as  showing  the 
temperature  to  which  the  boiler  plates  have  not  been  raised, 
there  might  still  be  a  considerable  rise  in  temperature  above 
376°  F. 

Mr.  Hudson  proceeds  to  say  :  "  It  is  not  known  what  furnace 
temperature  would  be  needed  to  effect  the  rate  of  evaporation 
assumed,  but  it  would  undoubtedly  be  high,  probably  not  less 
than  2500°  F.  ;  and  it  seems  difficult  to  escape  the  conclusion 
that  of  the  temperature  difference  of  2500°  —  340°  =  2160^,  no 
less  than  2160°  —  36°  =  2124°  or  983  per  cent.,  plus  the  difference 
required  in  the  case  of  steam,  must  be  needed  to  effect  the 
transfer  of  heat  from  the  hot  gases  to  the  metal,  the  remaining 
36°=  17  per  cent.,  minus  the  same  quantity,  sufficing  to  carry 
the  heat  through  the  metal  and  into  the  water.  The  only  loop- 
hole for  substantial  error  in  the  above  calculation  would  seem  to 
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be  the  possibility  that  in  a  crowded  boiler  the  movement  of  the 
water  might  be  less  active  than  in  the  steam  evaporator,  causing 
a  larger  difference  to  be  needed  for  the  emission.  An  extreme 
allowance  for  this  would  be  to  halve  the  rate  of  transmission, 
which  would  give  the  metal  a  higher  temperature  by  less  than 
36  degrees." 

Following  this  line  of  argument,  Mr.  Hudson  proceeded  to 
inquire  in  what  relative  proportions  the  total  head  of  tempera- 
ture should  be  allotted  to  the  absorption,  conduction  and  emis- 
sion respectively,  and  proposed  the  following  as  a  rough  approxi- 
mation :  "  In  the  first  place,  some  idea  of  the  head  needed  to 
overc6me  the  internal  resistance  of  the  metal  can  be  obtained 
for  temperatures  not  exceeding  500°  or  600°  F.  from  the  follow-  ' 
ing  formula,  based,  for  wrought  iron,  on  Forbes'  experiments 
on  the  conducting  powers  of  that  metal,  between  32°  and  527°, 
and  for  other  metals  on  Dispretz's  data  as  to  their  relative  con- 
ducting powers. 

Q  =  Units  transmitted  per  square  foot  per  hour. 

R  =  Rate  of  transmission  for  lin,  thickness,  i  square  foot,  i 
hour,  and  i  deg.  Fah.  at  32  deg.  =  for  copper  1243  units,  brass 
1044,  cast  iron  783,  wrought  iron  or  steel  522. 

D  =  Difference  in  degs.  Fah:  required  to  overcome  the  internal 
resistance. 

/  =  Thickness  of  the  metal  in  inches. 

T  =  Mean  temperature  of  the  metal. 

Then— 

D  X  R  X  (1467-5  -  T) 
i  X  1435-5 


Q  = 
and — 

D  = 


Qxlx  1435-5 
R  X  (1467-5  -  T) 
"  For  copper  tubes  of  10  B.W.G.  thickness  (as  used  in  Mr. 
Lang's  experiments)  at  the  assumed  duty,  this  formula  gives 
6  deg.  as  the  head  needed  for  the  conduction  alone.  How  the 
balance  of  30  deg.,  available  in  the  case  of  steam  as  the  heating 
agent  for  the  surface  absorption  and  emission,  should  be  appor- 
tioned, is  of  little  moment  for  the  present  purpose.  No  doubt 
the  steam  side  would  need  less  than  the  water,  and  taking  the 
ratio  of  i  to  2,  giving  10  deg.  and  20  deg.  respectively,  the 
various  temperatures  would  stand  as  follows  : 


Fire. 

2500° 

io° 

366° 

2134° 

6° 

360° 

6° 

20° 

340° 

20° 
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Steam. 
Heating  medium  ...         376° 

Difference  for  absorption 
Surface,  hotter  side         ...         366° 

Difference  for  conduction 
Surface,  next  water         ...         360° 

Difference  for  emission 
Water  in  boiler  ...         ...         340° 

Total  difference         ...  36°  2160° 

"  For  an  iron  or  steel  plate  ^  in,  thick,  the  difference  would  be 
55  deg.  instead  of  6  deg.,  requiring  an  important  addition  to  the 
temperature,  or  involving  a  considerable  reduction  in  the  duty  in 
the  case  of  the  steam,  but  only  an  unimportant  variation  in  either 
respect  for  the  fire.  For  lower  rates  of  evaporation  than  that 
assumed,  the  differences  would  be  divided  out  in  very  much  the 
same  way,  except  that  the  head  needed  for  conduction  would 
be  even  less  in  proportion." 

Consistently  with  this  reasoning  Mr.  Hudson  concluded  that 
"  in  evaporating  by  fire  heat,  the  whole  of  the  difference  may, 
for  all  practical  purposes,  be  taken  as  available  for  effecting 
the  transfer  of  heat  from  the  gases  to  the  metal,  and  the 
latter  may  be  considered  as  having  the  same  temperature 
as  the  water."  Also  that,  "  however  valuable  an  active 
circulation  in  a  boiler  may  be,  on  other  grounds,  no  activity 
beyond  that  needed  for  keeping  water  in  contact  with  the 
heating  surfaces  can,  by  reducing  the  difference  needed 
for  emission,  appreciably  increase  the  quantity  of  heat  trans- 
mitted, seeing  that  the  amount  of  the  difference  capable  of 
being  influenced  in  this  way  is  such  a  trifling  fraction  of  the 
whole." 

It  cannot  be  maintained,  however,  that  either  of  these  conclu- 
sions is  firmly  established.  Later  experiments  have  shown  that 
the  metal  has  not  the  same  temperature  as  the  water,  but,  on  the 
contrary,  that  the  temperature  of  the  fire  surface  of  the  plates 
bears  a  well-defined  relation  to  the  flow  of  heat  through  the 
metal  and  to  the  thickness  of  the  metal  when  the  rate  of  flow  is 
constant.  It  has  also  been  found  that  the  velocity  of  movement 
of  the  water  has  a  decided  influence  upon  the  rate   of  flow  of 
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heat,  and  this,  apart  from  questions  as  to  the  temperature  of  the 
plate,  or  the  so-called  emission  or  emissive  power  of  the  surface. 
The  second  of  Mr.  Hudson's  conclusions  is,  in  fact,  at  variance 
with  his  own  subsequent  remarks  on  the  effect  of  velocity  of 
movement,  although  in  them  he  is  mainly  occupied  with  the 
movement  of  the  gases.  Still,  he  says,  "  in  the  case  of  heating 
water  by  steam,  it  can  be  conclusively  shown  that,  other  things 
being  equal,  the  quantity  of  heat  taken  up  by  the  water  is  almost 
wholly  a  question  of  the  speed  with  which  the  latter  traverses 
the  heating  surface,  the  transmission  increasing  only  somewhat 
less  rapidly  than  the  speed.  So  important  is  this  influence,  that 
the  transmission  has  been  found  to  vary  from  as  little  as  20  or 
30  units  per  degree,  where  the  water  was  confined  iil  small  tubes 
and  moved  very  slowly,  up  to  nearly  1,000  units  according  to  the 
speed,"  **  Knowing  this,"  Mr.  Hudson  proceeds,  '*  it  is  natural 
to  ask  whether  the  speed  of  the  gases  in  a  boiler  might  not  in 
like  manner  affect  the  activity  of  the  transmission,  and,  the  idea 
once  started,  much  confirmatory  evidence  suggests  itself,  and  the 
theory  seems  to  account  for  much  previously  unexplained."  It 
will  be  observed  that  Mr.  Hudson  speaks  of  heating  water  by 
steam,  but  it  stands  to  reason  that  if  movement  of  the  water  has 
been  found  to  accelerate  heat  transmission  with  the  moderate 
difference  of  temperature  which  that  system  of  heating  provides, 
it  must  be  all  the  more  necessaiy  in  presence  of  the  much  higher 
temperatures  provided  by  fire  gases.  With  regard  to  the  neces- 
sity for  rapid  movement  of  the  gases  Mr.  Hudson  is  clear  and 
emphatic  in  the  arguments  which  he  advances  in  support  of  it, 
but  is  mistaken  in  the  idea  that  the  element  of  speed  had  not 
been  previously  taken  into  account  as  possibly  affecting  the 
transmission.  Peclet,  Craddock,  Osborne  Reynolds,  Hagemann, 
and  Louis  Ser,  at  least,  had  previously  shown  the  necessity  for  it 
and  some  of  its  effects  experimentally.  Nevertheless,  among 
engineers,  Mr.  Hudson  led  the  way  in  appreciation  of  its  influ- 
ence. **That  the  speed  might,  not  unreasonably,  be  expected 
to  affect  the  result  in  one  direction  or  the  other,  it  is  natural  to 
suppose,"  he  remarked,  **  when  the  extent  of  its  variation  is 
apprehended.  In  a  lightly  fired  Lancashire  boiler  it  may  be 
under  4  ft.  per  second,  range  from  that  speed  up  to  140  ft.  in  a 
locomotive,  and  reach  considerably  over  200  ft.  in  a  loco,  type 
torpedo  boiler  when  hard  pressed.     The  influence  of  the  speed 
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seems  to  explain  the  following  anomalies:  (i)  The  injury  to  a 
boiler  from  the  use  of  forced  draught  is  almost  invariably  con- 
fined to  overheating  the  lubes,  though  the  fire-box  plate  surfaces 
are  exposed  to  an  even  higher  temperature.  (2)  The  generally 
inferior  efficiency  of  water-tube,  as  compared  with  fire-tube 
boilers.  (3)  The  high  efiiciency  of  locomotive  boilers^ consider- 
ing their  small  extent  of  surface  in  proportion  to  fuel  burnt. 
(4)  The  comparatively  high  efficiency  of  boilers  worked  at 
extreme  rates ;  thus  the  locomotive  type  torpedo  boiler  tested  at 
Portsmouth  had,  in  the  highest  duty  trial  with  6  in.  draught, 
only  the  very  small  proportion  of  "34  sq.  ft.  of  surface  per  i  lb. 
of  fuel.  The  reduction  of  the  gases  with  this  small  surface  to 
1444°  corresponds  with  a  transmission  per  degree  several  times 
greater  than  is  attained  by  boilers  working  at  more  ordinary 
rates.  (5)  The  slight  increase  in  economy  to  be  obtained  by 
reducing  the  weight  of  fuel  burnt  in  a  given  boiler  below  a 
certain  point,  changing  at  last  to  an  actual  faUing  off.  An 
extreme  example  of  this  is  found  in  the  trials  of  a  sectional  boiler 
for  the  Kimberley  Water  Works,  in  which  the  evaporation  from 
and  at  212°  was  1087  lbs.  with  3  64  sq.  ft.  heating  surface  per 
I  lb.  fuel,  reached  11-5  lbs.  with  644  sq.  ft.,  and  fell  to  8*15  lbs. 
at  the  extreme  proportion  of  161  sq.  ft.  (6)  The  circumstance, 
of  whigh  many  examples  might  be  quoted,  that  the  mischievous 
effect  of  an  excessive  supply  of  air  is  usually  limited  to  the  carry- 
ing to  waste  of  little  more  than  the  extra  heat  corresponding 
with  the  extra  weight  of  the  gases,  their  temperature  being 
nearly  the  same  for  all  ordinary  quantities  ;  though  if  the  trans- 
mission were  proportional  to  the  temperature  merely,  that  of  the 
w^aste  gases  would  be  considerably  higher  with  the  larger  supply. 
An  excessive  air  supply  does  not,  as  might  at  first  sight  be 
expected,  result  in  a  low  temperature  of  the  waste  gases,  unless 
the  proportion  of  heating  surface  to  fuel  is  so  limited  that  the 
smaller  volume  of  gases,  originally  hotter  because  of  its  smaller 
heat  capacity,  but  therefore  also  more  rapidly  cooled,  has  not 
time  to  fall  to  the  temperatu^p  of  the  larger,  originally  cooler, 
but  more  slowly  cooling  volume.  The  larger  volume  W'ill,  how- 
ever, be  found  to  transmit  more  heat  per  degree  of  difference, 
though  it  loses  temperature  more  slowly,  owing  to  its  greater  heat 
capacity,  and  it  would  appear  that  this  greater  transmission  is 
due  to  the  greater  speed." 
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Mr.  Hudson  proposed  the  following  formulae  and  coefficients 
as  embodying  his  conclusions  on  the  whole  subject.  He  said, 
"  They  are,  of  course,  applicable  only  to  surfaces  in  constant 
contact  with  water.  For  simplicity's  sake,  the  transmission  from 
the  gases  has  been  calculated  step  by  step,  for  increasing 
intervals,  as  a  formula  representing  the  continuous  action — if 
such  could  be  framed — would  unavoidably  be  too  complex  for 
convenient  use."  "  The  formula  for  fire-box  transmission  is 
unavoidably  empirical  and  without  a  rational  basis,  as  the  trans- 
mission here  could  not  be  calculated  on  the  difference  of 
temperature  as  for  the  tubes,  because  in  a  fire-box  the  tempera- 
ture of  the  gases  is  neither  uniform  nor  the  same  as  that  of  the 
fuel." 

Ha  =  Heat  units  developed  per  i  lb.  fuel,  less  latent  heat  of 
any  moisture  evaporated  from  the  fuel. 

H„  =  Heat  units  available  above  temperature  of  steam, 
=  H^w  (T.— 60). 

A    =  lbs  air  per  lb.  fuel  ;  assumed  temperature  60°  F. 

s     =  specific  heat  of  gases,  taken  as  '24. 

w    =  heat  capacity  of  gases,  =  s  (A  +  i). 

F  =  heating  surface  exposed  to  radiant  heat  from  fuel  or 
flame,  in  square  feet  per  lb.  fuel. 

S     =  tube  or  flue  surface,  square  feet  per  lb.  fuel. 

V      =  speed  of  gases  in  tubes  or  flues,  feet  per  second. 

T^  =  temperature  of  gases,  degrees  Faht. 

T,  =  temperature  of  steam,  degrees  Faht. 

B  =  coefficient  of  transmission,  =  1250  when  -same  is 
calculated  step  by  step  for  successive  intervals,  ter- 
minating at  the  following  values  of  S,  respectively  : 
oSy  iS^  '3^  '5,  8,  i'3»  2,  3,  4-5,  65,  9. 

Then,  heat-units  absorbed  in  fire-box  per  i  lb.  fuel. 

=  "•  -  ( ^ -i:r4s  f)    •  •  •  •  (^) 

Available  heat-units  remaining  in  gases  leaving  fire-box 

=  H,  X  .—- :^^,- (2) 

A  +  45  t 
Temperature  of  gases  leaving  fire-box 
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Speed  of  gases    =  i'  =  ^  ^  (T,  +  46i) ^  ^ 

144,000  C 

Units  transmitted  per  square  foot  per  degree  per  hour  in 
tubes  or  flues 

^T,  +  T.  +  9^.^>/r     ....    (5) 
2  r> 

Some  tables  of  results  obtained  by  the  use  of  these  formulae, 
and  some  diagrams  of  curves  will  be  found  in  Chap.  IX. 

It  will  be  interesting  to  compare  with  Mr.  Hudson's  estimates 
the  following  figures  of  the  actual  velocity  of  gases  in  boiler 
flues  as  given  by  Mr.  J.  T.  Milton*:  "Taking  an  ordinary 
return-tube  boiler,  burning  17  lbs.  of  coal  per  square  foot  of 
grate,  and  using  24  lbs.  of  air  per  pound  of  fuel,  and  assuming 
a  temperature  of  1664°  and  887°  at  the  ends  of  the  tubes, 
temperatures  given  by  Mr.  Oram  as  having  been  verified  in  some 
experiments  made  at  Devonport  with  this  class  of  boiler,  it  will 
be  found  that  the  gases  have  a  velocity  of  about  32  feet  per 
second  on  entering  the  tubes,  and  of  20  feet  per  second  on 
leaving  them  ;  their  mean  velocity  will  therefore  be  about 
26  feet  per  second,  and  the  time  taken  to  traverse  a  tube 
6  ft.  6  ins.  long  will  be  only  ^  second.  The  total  time  any 
portion  of  gas  remains  in  the  boiler  is  thus  probably  consider- 
ably less  than  a  second.  In  a  Belleville  boiler  of  the  type  used 
in  the  *  PowerfuV  assuming  a  consumption  of  24  lbs.  per 
square  foot  of  grate,  Mr.  Oram  gives  the  funnel  temperature 
as  650°.  Assuming  the  same  proportion  of  air  as  before,  and 
that  the  temperature  of  gases  when  entering  the  tubes  is  1600°, 
the  velocity  at  the  entrance  between  the  tubes  will  be  about 
32  feet,  and  at  exit  17  feet  per  second  ;  the  time  taken  in 
traversing  the  tube  spaces  will  be  about  J  second,  and  the 
total  time  in  the  boiler  will  be  about  £  second,  which  is  not 
very  different  to  the  time  the  gases  remain  in  the  ordinary 
boiler." 

With  forced  combustion  and  high  rates  of  combustion  these 
times  are  proportionately  reduced. 

Professor  Rankine^s  Formula. — In  connection  with  this  subject 
reference  is  constantly  made  to  Professor  Rankine's  formula  (on 

^  Min.  Proc.  Inst.  C.E.  Vol.cxxxvii,  p.  173.  See  also  Chap.  III.  p.  66  (ante) 
velocity  of  gases. 
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p.  260  of  "A  Manual  of  the  Steam  Engine,"  etc.,  1859)  as  if  it 
were  a  final  and  ultimate  expression  of  law  on  this  subject. 
Nothing  could  be  more  mistaken  than  this  idea. 

Professor  Rankine  stated  (at  p.  257)  that  the  rate  of  internal 
conduction  through  a  given  substance,  expressed  in  thermal 
units  per  square  foot  of  area  per  hour,  is  proportional 

1.  To  the  rate  at  which  the  temperature  varies  along  a  line 

perpendicular  to  the  section  through  which  the  heat  is 
passing,  and 

2.  To  the  internal  conductivity  of  the  substance,  which 
depends  upon  its  nature. 

When  heat  is  passed  across  a  metal  plate  from  a  fluid  on  one 
side  to  another  at  the  opposite  side,  factors  of  external  and 
internal  thermal  resistjince  are  introduced,  and  when  the  total 
thermal  resistance  is  thus  provided  for.  Professor  Rankine  thus 
expressed  the  rate  of  conduction — 

_    r-T 

**  when  T'  and  T  are  nov^r  the  temperatures  not  of  the  two 
surfaces  of  the  plate,  but  of  the  two  fluids  which  are  respectively 
in  contact  with  its  two  faces  '^  ; 

a'  +  ff  being  the  coefficients  of  external  resistance,  and 
p  being   the   coefficient   of    internal    resistance   (estimated    by 
Rankine  at  •0096^*,  when  q  is  expressed  in  thermal  units  per 
hour  per  square  foot  of  area  and  x  in  inches), 
X  being  the  thickness  of  the  plate. 

After  giving  from  Peclet  an  expression  for  the  value  of  cr' 
+  <r,  Professor  Rinkine  proceeded  to  introduce  his  empirical 
formula  as  follows  : — 

"  It  will  be  shown  in  a  subsequent  article  that  the  results  of 
experiments  on  the  evaporative  power  of  boilers  agree  very  well 
with  the  following  approximate  formula  for  the  thermal  resist- 
ance of  boiler  plates  and  tubes — 

/   ,  a 

^  +  ^  =  ^/  _  'p 

which  gives  for  the  rate  of  conduction  per  square  foot  of  surface 
per  hour — 

^^  _  (T'  -  T)' 
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He  added,  "  This  formula  is  not  proposed  as  being  more  than 
a  rough  approximation,  hut  its  simpHcity  makes  it  very  con- 
venient, and  it  will  be  shown  that  it  is  near  enough  to  the  truth 
for  its  purpose.  The  value  of  a  lies  between  i6o  and  200." 
The  results  of  experiments  referred  to  in  this  extract  are  given 
on  pages  295  to  298  of  "  The  Steam  Engine  "  (same  edition), 
and  they  are  of  far  too  crude  a  nature  to  serve  as  the  foundation 
of  anything  but  "  a  rough  approximation." 

The  following  remarks  by  Professor  R.  H.  Smith  show  also 
the  wide  divergence  between  Rankine's  empirical  formula  and 
Peclet's  rule  : — 

**  From  Peclet's  experiments,  the  rate  of  conduction  in 
English  heat  units  per  hour  per  square  foot  may  be  called  q^ 
and  appears  to  be 

(y  =  r78{i  +  -oo37  (/-/,)}(/_/,) 

where  /  is  the  surface  gas  temperature,  and  /^  that  of  the  water 
in  the  boiler.  A  few  examples  of  the  results  of  this  formula  are 
given  in  the  annexed  Table — 


Table  XLVIII. 


/—/ft. 

.9 

120 

100 

244 

83 

200 

620 

333 

500 

2,540 

2,083 

1,000 

8,380 

8.333 

1,500 

17,520 

18,750 

2,000 

29,(X)0 

33,333 

"  The  third  column  gives,  for  the  sake  of  comparison,  the 
results  of  a  formula  of  the  form  suggested  and  used  by  Rankine. 
Rankine,  however,  gives  the  divisor  to  be  used  in  this  latter  as 
lying  between  160  and  200.  With  this  it  would  never  agree 
with  Peclet's  results,  except  for  such  high  temperatures  as  do 
not  occur  in  boilers,  even  in  the  hre-boxes.  With  the  divisor 
120  it  is  seen  to  agree  for  a  temperature  difference  of  about 
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1000°,  to  give  too  small  figures  for  low  temperatures,  and 
about  10  per  cent,  too  high  for  about  2000°  temperature 
difference." 

Professor  Witz^s  Experiments. — It  remains  for  us  to  notice  some 
experiments  carried  out  by  Professor  Aimee  Witz  (and  recorded 
in  the  "  Comptes  Rendus  de  PAcademie  des  Sciences,"  Paris, 
Vol.  cxiv.,  1892,  p.  411^),  on  account  of  the  light  which  they 
throw  upon  the  effect  of  increasing  the  temperature  of  the  metal 
plates  in  contact  with  water,  and  also  because  of  the  remarkable 
rate  of  evaporation  reached  in  one  or  two  instances.  The  first 
series  of  experiments  showed  the  time  required  to  evaporate 
40  grammes  (1-41  oz.)  of  water  at  different  temperatures  of 
plate — 

Table  XLIX. 

Time  required. 
At  141°  Cent,  or  286°  Fahr....         ...         ...     2  min.    o  sec. 

M   194     .,        M   3«i     ,»       ••  o  n  38  „ 

M  243     „        „   470     „       o  „  25  „ 

„  260     „        „   500     „       o  „  22  „ 

jj  320     „        „  608     „       o  „  20  „ 

„  cherry  red...         ...         ...  10  „  20  „ 

In  the  last  instance  the  spheroidal  condition  of  the  water  was 
realised,  and  the  rate  of  evaporation  became  at  once  31  times 
less  than  that  at  320°  C.  In  order  to  prove  whether  the 
spheroidal  condition  was  likely  to  be  realised  easily  with  a 
larger  quantity  of  water  in  a  boiler,  a  series  of  experiments  was 
then  made  with  a  small  vertical  cylindrical  boiler  30 17  deci- 
metres (practically  12  inches)  diameter,  so  constructed  that 
various  thicknesses  of  bottom  plate  from  i  to  12  millimetres 
could  be  used.  The  water  was  maintained  at  a  constant  level, 
the  quantity  evaporated  in  given  time  being  measured,  but  the 
temperature  of  the  plate  was  not  measured,  as  the  result  inquired 
into  was  that  of  the  possible  rate  of  evaporation  with  excessive 
heating,  and  the  possibility  of  the  spheroidal  condition  occurring. 
The  following  Table  gives  results  with  a  height  of  3*  15  inches  of 
water. 

*  For  abstract  see  Min.  Proc.  Inst.  C.E.     Vol.  cviii.,  p.  473. 
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Table  L. 


Nature  of  Heating. 

Barometric 
Pressure. 

Temperature  of  Keed 
Water. 

Water  evaporated 
per  hour. 

Ccntifiradt 
dejjrecs. 

Faht. 
degrees. 

Kiloc,  per 
Sq.  Metre, 

Lbs.  per 
sq.  foot. 

Seven  Bunsen  Burners  ... 

2933 

15 

59 

633 

130 

Seven    Bunsen     Burners 

and  one  air  blast 

2984 

16 

61 

179-4 

368 

Seven     Bunsen    Burners 

and  one  oxy-hydrogen 
blow  pipe 

2984 

18 

65 

2009 

41-2 

Seven    Bunsen     Burners 

and  three  blow  pipes... 

2965 

19 

67 

2632 

540 

Coke  with  air  blast 

2992 

19 

67 

4335 

889 

Seven    Bunsen    Burners, 

one   air  blast,  and  one 

oxy-hydrogen  blow 

pipe       

2970 

14 

57 

6628 

136 

Coke  with  air  blast 

2992 

90 

194 

9943 

204 

In  the  case  of  the  last  two  experiments  the  water  was  first  all 
evaporated  away,  and  the  plate,  which  was  12  millimetres,  or 
practically  |  inch  thick,  was  allowed  to  become  red  hot,  when 
the  feed  water  was  again  admitted,  and  the  level  maintained  as 
before.  In  none  of  the  first  five  experiments  did  the  plate 
become  red  hot,  the  surface  of  the  plate  in  contact  with  the 
water  having  been  carefully  cleansed.  The  supports  of  the 
boiler  were,  however,  raised  to  a  dark  red  heat,  and  the  water 
was  violently  agitated.  In  the  last  two  cases  the  plate  remained 
red  hot,  without  perceptible  cooling  in  the  last  case,  and  the 
boiling  w^as  very  violent.  Although  Professor  Witz  concluded 
that  the  water  in  a  boiler  need  not  necessarily  assume  the 
spheroidal  state,  even  if  the  plates  became  red  hot,  yet  the 
danger  of  explosion  would  be  none  the  less  present,  on  account 
of  the  inabihty  of  the  metal  to  resist  the  strain  of  steam  pressure 
at  that  temperature. 

The  second  last  result  shows  a  similar  rate  of  evaporation  to 
that  which  was  attained  in  Mr.  C.  K.  Lang's  experiments,  and 
we  are  thus  shown  that  a  definite  rate  of  heat  transmission  may 
take  place  with  widely  diftereiit  static  conditions  of  temperature 
in  the  metal  plate. 
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It  is  to  be  regretted  that  more  extended  information  regarding 
these  experiments  of  Professor  Witz  was  not  published,  as  much 
might  be  learned  from  them  if  all  the  conditions  were  made 
known.  We  may,  however,  conclude,  from  all  the  evidence 
which  has  been  before  us,  that  each  square  foot  of  heating 
surface  in  a  boiler  properly  constructed  and  worked  should  be 
good  for  the  evaporation  of  from  80  to  100  lbs.  of  water, 
per  hour.  Theoretically,  considering  the  question  of  conduction 
through  the  metal  alone,  the  heat  requisite  for  a  much  larger 
result  should  be  readily  transmitted,  but  making  allowance  for 
resistance,  and  presuming  that  Professor  Perry's  hopeful  antici- 
pation (noted  on  p.  200,  ante)  is  not  at  once  realised,  an  increase 
from  the  presently  accepted  10  lbs.  per  square  foot  per  hour  to 
anything  approaching  the  figures  given  above,  is  very  much 
wanted. 

Reference  may  also  be  made  to  the  Paper  on  the  E^ciency 
of  Steam  Boilers  and  Surface  Condensers  read  by  T.  E.  Stanton 
to  the  Owens  College  Engineering  Society,  and  published  in  the 
Mechanical  Engineer,  31  March,  1900,  Vol.  v.,  pp.  445-448  ; 
and  to  the  Theoretical  Consideration  of  Evaporation  in  Boilers 
by  H.  Brillie,  in  Le  Genie  Civil,  August  and  September,  1897, 
pp.  260  ei  scq,  (see  Abs.  in  Min.  Proc.  Inst.  C.  E.,  Vol.  cxxxi., 
p.  480.) 


CHAPTER    V. 

Circulation  of  Water. 

It  is  in  connection  with  the  transmission  of  the  heat  in  boilers 
that  the  circulation  of  the  water  possesses  its  chief  importance. 
Were  water  a  good  conductor  of  heat,  like  mercury,  motion 
would  not  be  to  the  same  extent  necessary,  even  though  the  heat 
vibrations  had  to  adapt  themselves  to  a  liquid  form  of  matter  in 
passing  to  it  from  a  solid.  Freedom  of  escape  for  the  vapour 
from  the  liquid  would  be  the  principal  condition  needing  a 
proper  provision,  and  under  such  circumstances  the  greatest 
heat  would  be  applied  to  the  liquid  near  the  surface,  and  a  less 
'tempei-ature  as  the  distance  from  that  part  increased.  Water 
being  a  bad  conductor  of  heat,  it  is  only  by  means  of  convection 
currents  that  the  total  quantity  of  water  contained  in  a  boiler 
can  readily  be  heated  up  to  and  maintained  at  or  near  the  tem- 
perature of  steam  formation.  The  direction  of  movement  of 
these  convection  currents  is  an  upward  one,  in  accordance  with 
the  laws  of  gravity,  the  heated  portions  of  water  being  rendered 
specifically  lighter  by  their  expansion.  Hence  in  most  boilers  the 
fire  is  placed,  or  the  heat  of  the  fire  is  applied,  at  as  low  a  point 
as  possible,  and  no  attempt  is  made  to  heat  the  water  from  above 
downwards.  In  this  way  the  movement  of  the  heated  particles 
of  water  assists,  and  in  turn  is  assisted  by,  that  of  the^team,  and 
when  the  tubes  or  water  passages  are  of  small  area  individually, 
in  result  the  water  is  carried  along  at  a  considerable  speed. 
Water-tube  boilers,  in  general,  present  conditions  which  produce 
a  rapidity  of  such  movement  of  the  water  much  beyond  what 
could  be  known  in  tank  or  drum  boilers,  and  it  is  no  doubt  in 
great  part  to  this  that  their  comparatively  rapid  steaming  power 
is  due.  Yet  further  examination  shows  that  movement  of  that 
kind  is  perhaps  not  an  unmixed  blessing,  because  large  quantities 
of  water  which  cannot  be  at  the  full  temperature  of  the  steam 
are  carried  along  with  the  currents  and  thrown  forcibly  into  the 
steam  space  in  the  closest  contact  with  the  steam.  Before  they 
can  be  separated  from  the  steam  and  returned  to  the  water  space 
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by  down-comers,  there  is  no  doubt  that  they  must  exert  a  sensible 
cooling  effect  on  the  steam,  and  probably  they  thus  cause  the 
work  of  steam  formation  to  some  extent  to  be  done  over  again 
by  a  further  expenditure  of  heat.  Certainly  if  the  steam  could 
at  once  escape  from  the  hottest  portion  of  the  water  into  the 
steam  space  without  the  necessity  for  its  mingling  with  any 
water  of  a  less  temperature,  some  useless  expenditure  of  heat 
would  be  prevented,  and  we  should  be  a  step  nearer  the  realisa- 
tion of  the  best  result.  We  have  seen  in  Chapter  IV.  that  rapid 
movement  of  the  water  is  absolutely  essential  to  heat  transmis- 
sion, and  therefore  the  problem  that  lies  before  us  is  that  of 
how  to  produce  the  maximum  useful  rate  of  movement  of  the 
water  over  the  heating  surface  whilst  the  minimum  quantity  is 
allowed  to  mingle  with  the  steam.  In  any  solution  of  this 
problem  we  have  also  to  provide  for  the  passage  of  the  currents 
of  water  and  hot  gases  in  opposite  directions,  as  it  is  quite  clear 
that  this  arrangement  is  demanded  as  one  of  the  conditions  of 
successful  heat  transmission. 

The  circulation  of  water  in  boilers  has  usually  been  considered, 
mainly,  if  not  wholly,  in  view  of  the  prevention  of  over-heating 
portions  of  the  boiler  surfaces,  and  investigations  of  the  action 
have  hitherto  been  concerned  almost  entirely  with  the  quantity 
of  water  put  in  motion  in  individual  boilers,  and  with  the  mode 
in  which  this  movement  has  been  produced  in  them.  Conse- 
quently in  almost  all  treatises  on  boilers  the  circulation  of  the 
water  has  been  dealt  with  as  if  it  were  a  sort  of  independent 
action  regulating  the  work  done  by,  and  the  life  of,  boilers,  and 
therefore  requiring  provision  for  its  being  unhindered,  but  only 
so  that  rapid  steaming  should  proceed  without  damage  to  the 
boiler,  and  not  in  strict  relation  to  the  requirements  of  heat 
transmission. 

The  truth,  however,  is,  that  water  circulation  is  one  of  the 
things  connected  with  the  action  of  boilers  which  itself  requires 
to  be  governed  and  directed,  in  order  that  the  highest  degree  of 
efficiency  in  steam  raising  may  be  reached,  and  in  this  view  the 
velocity  of  the  movement  of  the  water  requires  to  be  considered. 

Two  Kinds  of  Circulation. — There  are  evidently  two  kinds  of 
circulation  possible  : — 

I.  That  which  is  due  to  the  natural  action  of  boiling.  In 
this  case  the  water,  when  once  steam  is  formed,  is  constantly 
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thrown  upwards  and  returns  by  gravity  to  the  lowest  level,  either 
with  regular  movement,  when  channels  are  provided  for  this 
return,  or  spasmodically,  when  steam  formation  is  allowed  to 
interfere  with  it. 

2.  That  which  is  forced  or  produced  by  mechanical  means, 
in  which  case  both  quantity,  speed  and  direction  can  be  wholly 
under  control. 

Natural  Circulation  by  Boiling, — Regarding  natural  circulation, 
as  produced  by  the  process  of  boiling  or  steam  production, 
numerous  theories  have  been  advanced  to  explain  certain 
phenomena  which  have  been  noticed  with  particular  boilers,  but, 
as  in  other  matters,  experimenters  have  forgotten  the  many  ways 
in  which  the  conditions  under  which  their  results  were  obtained 
might  be  altered,  and  have  too  hastily  formulated  "  rules  "  or 
"laws,"  for  general  application,  on  the  evidence  of  experiments 
too  few  in  number  and  too  limited  in  their  conditions. 

Clerk  Maxwell  on  "  Boiling.^'  —  No  explanation  of  the 
phenomena  of  boiling  could  be  more  simple  or  complete  than  that 
of  Professor  Clerk  Maxwell  (in  "  Theory  of  Heat,"  p.  23),  which 
is  as  follows  :  "  When  water  is  heated  in  the  ordinary  way,  by 
applying  heat  to  the  bottom  of  a  vessel,  the  lowest  layer  of  the 
water  becomes  hot  first,  and  by  its  expansion  it  becomes  lighter 
than  the  colder  water  above  and  gradually  rises,  so  that  a  gentle 
circulation  of  water  is  kept  up  and  the  whole  water  is  gradually 
warmed,  though  the  lowest  layer  is  aKva3's  the  hottest.  As  the 
temperature  increases,  the  absorbed  air,  which  is  generally 
found  in  ordinary  water,  is  expelled  and  rises  in  small  bubbles 
without  noise.  At  last  the  water  in  contact  with  the  heated 
metal  becomes  so  hot  that,  in  spite  of  the  pressure  of  the  atmo- 
sphere on  the  surface  of  the  water,  the  additional  pressure  due 
to  the  water  in  the  vessel,  and  the  cohesion  of  the  water  itself, 
some  of  the  water  at  the  bottom  is  transformed  into  steam, 
forming  a  bubble  adhering  to  the  bottom  of  the  vessel.  As  soon 
as  a  bubble  is  formed  evaporation  goes  on  rapidly  from  the 
water  all  round  it,  so  that  it  soon  grows  large  and  rises  from  the 
bottom.  If  the  upper  part  of  the  water  into  which  the  bubble 
rises  is  still  below  the  boiling  temperature,  the  bubble  is  con- 
densed, and  its  sides  come  together  with  a  sharp  ratthng  noise, 
called  simmering.  But  the  rise  of  the  bubbles  stirs  the  water 
about  much  more  vigorously  than  the  mere  expansion  of  the 
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water,  so  that  the  water  is  soon  heated  throughout  and  brought 
to  the  boil,  and  then  the  bubbles  enlarge  rapidly  during  their 
whole  ascent,  and  burst  into  the  air,  throwing  the  water  about 
and  making  the  well-know^n  softer  and  more  rolling  noise  of 
boiling."  Although  this  description  concerns  itself  primarily  with 
the  operation  of  boiling  in  an  open  vessel,  yet  it  applies  equally 
well  to  boiling  in  the  same  vessel  when  closed  and  under  pressure, 
as  practically  nothing  is  then  altered  but  the  comparative  volume 
of  the  bubbles  of  steam.  There  are  two  points  mentioned  in  the 
description  which  are  frequently  overlooked  by  other  observers, 
and  these  are — (i)  that  the  water  in  contact  wuth  the  heating 
surface  is  necessarily  hotter  than  the  rest  of  the  w'ater  in  circu- 
lation, and  (2)  that  the  bubbles  of  steam  enlarge  as  they  ascend 
in  consequence  of  the  heat  of  the  steam  causing  evaporation 
from  the  surrounding  water,  as  soon  as  the  water  has  reached 
such  a  temperature  that  no  condensation  of  the  bubbles  takes 
place  during  their  ascent.  This  important  part,  which  is  played 
by  the  heat  of  the  steam  in  the  bubbles  is  constantly  overlooked. 
It  is  necessarily  absent  in  the  case  of  bubbles  of  air  blown 
through  the  water  in  experiments  (although  such  bubbles  may 
enlarge  slightly  on  account  of  diminution  of  pressure),  and  in 
that  of  glass  bubbles  and  corks,  which  are  also  used  to  illustrate 
the  action  of  bubbles  of  steam,  and  consequently  reasoning 
which  is  founded  on  phenomena  produced  with  such  apparatus 
must  be  to  some  extent  unsound. 

Clerk  Maxwell  on  ^^  Convection  Currents.'^ — More  particularly 
with  reference  to  the  diffusion  of  heat  in  fluids.  Professor  Clerk 
Maxwell  has  said  {op.  at.  p.  230),  "  When  the  application  of  heat 
to  a  fluid  causes  it  to  expand  or  to  contract,  it  is  thereby 
rendered  rarer  or  denser  than  the  neighbouring  parts  of  the 
fluid  ;  and  if  the  fluid  is  at  the  same  time  acted  on  by  gravity, 
it  tends  to  form  an  upward  or  downward  current  of  the  heated 
fluid,  which  is,  of  course,  accompanied  by  a  current  of  the  more 
remote  parts  of  the  fluid  in  the  opposite  direction. 

"  The  fluid  is  thus  made  to  circulate,  fresh  portions  of  fluid  are 
brought  into  the  neighbourhood  of  the  source  of  heat,  and  these 
when  heated  travel,  carrying  their  heat  with  them  into  other 
regions.  Such  currents,  caused  by  the  application  of  heat  and 
carrying  this  heat  with  them,  are  called  convection  currents. 
They  play  a  most  important   part  in  natural  phenomena,  fey 
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causing  a  much  more  rapid  diffusion  of  heat  than  would  take 
place  by  conduction  alone  in  the  same  medium,  if  restrained 
from  moving.  The  actual  diffusion  of  heat  from  one  part  of  the 
fluid  to  another  takes  place,  of  course,  by  conduction  ;  but  on 
account  of  the  motion  of  the  fluid,  the  isothermal  surfaces  are  so 
extended,  and  in  some  cases  contorted,  that  their  areas  are 
gre.itly  increased,  while  the  distances  between  them  are 
diminished,  so  that  true  conduction  goes  on  much  more  rapidly 
than  if  the  medium  were  at  rest." 

Although  it  is  true,  as  Professor  Clerk  Maxwell  has  said,  that 
convection  currents  depend  on  changes  of  density  in  a  fluid  acted 
upon  by  gravity,  and  that,  were  gravity  absent,  there  would  be 
no  convection  currents,  yet  this  does  not  prove,  as  Mr.  Thorny- 
croft'  contended,  that  *'  the  force  of  gravity  is  the  real  force  and 
the  only  force  we  have  to  depend  on  for  the  circulation  of  water 
in  the  boiler."  He  continues,  "  If  we  could  go  to  another 
planet,  where  the  force  of  gravity  was  larger,  we  might  have  less 
trouble  with  the  circulation  in  our  boilers.  On  the  other  hand 
if  we  could  take  the  boiler  down  to  the  centre  of  the  earth, 
where  gravity  may  be  supposed  to  be  //;7,  or  acting  equally  in  all 
directions,  then  no  construction  of  boiler  that  we  could  adopt 
would  enable  us  to  make  one  that  would  work.  It  would  be 
sure  to  burn." 

Under  such  circumstances,  however,  otlier  conditions,  such  as 
those  of  combustion,  would  also  be  altered  and  if  no  movement 
of  air  could  be  obtained  (as  would  also  be  the  case),  how  would 
the  iire — not  to  speak  of  the  boiler — burn  ?  In  addition  to  that, 
it  is  always  possible  to  rely  upon  mechanical  force  to  cause  circu- 
lation of  the  water  ;  and  in  any  case,  it  is  under  present  well- 
known  mundane  conditions  that  we  have  to  consider  the  efficient 
working  of  boilers. 

A  considerable  variety  of  forms  of  apparatus  has  been  used  in 
experiments  made  to  ilhistrate,  or  tc  demonstrate,  certain  ideas 
connected  with  this  subject,  but  the  conclusions  drawn  from 
these  experiments  have  not  always  been  consistent  or  sufficiently 
conclusive. 

Matt  key's  Expcn}nents — Action  of  Bubbles. — Two  experiments 
(which    were   excellent    specimens    of   a   class   of   such)   were 

^  Trans.  Inst.  N.  A.,  Vol.  xxxvii.,  pp.  135,  136. 
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shown  by  Mr.  C.  A.  Matthey*  to  the  Inst,  of  Engineers  and  Ship- 
builders in  Scotland  for  the  purpose  of  throwing  light  upon  the 
question  whether  the  presence  of  a  bubble  of  gas,  or  of  a  solid 
body  lighter  than  water,  immersed  in  a  column  of  water  and 
rising  through  it,  diminished,  or  did  not  diminish,  the  hydrostatic 
pressure  at  the  bottom  of  the  column.  A  vertical  glass  tube, 
2  inches  in  diameter  and  5  feet  high,  connected  at  the  bottom 
with  another  glass  tube  of  the  same  height,  but  only  one  eighth 
of  an  inch  in  diameter,  was  placed  vertically  upon  an  electro- 
magnet D,  as  shown  in  Fig.  98.  The  tubes  were  nearly  filled 
with  water,  and  a  glass  bubble  C,  a  little  smaller  than  the 
large  tube,  floated  within  it  with  the  water  level  at  B  B.  To  the 
bottom  of  the  glass  bubble  was.  attached  a  small  piece  of  soft 
iron  which,  when  the  bubble  was  pushed  down  to  the  bottom  of 
the  tube,  caused  it  to  be  anchored  there  by  the  attractive  force 
of  the  electro-magnet.  When  the  bubble  was  fully  immersed 
and  prevented  from  rising,  the  water  level  rose,  by  virtue  of  its 
displctcement,  to  the  level  A  A,  the  pressure  on  the  bottom  being 
registered  by  the  level  of  the  water  in  the  small  gauge  tube.  On 
breaking  the  electric  circuit  through  the  magnet  D  the  bubble 
was  released  and  free  to  rise  in  the  tube.'  As  soon  as  it  moved 
the  water  level  began  to  fall  from  A  towards  B,  in  both  tubes, 
and  it  dropped  to  B  as  soon  as  the  bubble  had  attained  its  maxi- 
mum velocity  of  ascent.  "  This  showed,"  Mr.  Matthey  remarked, 
"  that  the  pressure  of  a  free  bubble  in  the  large  tube  made  the 
pressure  on  its  bottom  less  than  that  which  corresponded  to  the 
height  of  the  water  in  it."  It  may  be,  however,  that  the  apparent 
diminishing  of  the  hydrostatic  head  was  an  effect  due  to  setting 
the  water  in  motion,  as  it  is  undoubted  that  a  complex  system  of 
stream  lines  must  accompany  the  movement  of  the  bubble  through 
the  water. 

In  another  experiment  shown  with  a  U-tube,  Fig.  99,  the 
water  level  stood  at  E  E,  and  a  nozzle  and  pipe  were 
provided  at  F,  by  means  of  which  gas  or  air  could  be  blown 
into  the  left-hand  limb  of  the  U.  On  blowing  gas  into  the  left- 
hand  limb  by  this  nozzle,  the  water  level  was  raised  by  the 

^  Trans.  Inst.  Eng.  and  Shipbuilders  in  Scotland,  Vol.  xli.,  pp.  147-150. 

'  This  is  a  better  mode  of  procedure  than  has  been  usual  in  such  experiments. 
See. Trans.  Inst.  Marine  Engineers,  Vol.  x.,  Xo.  Ixxvii.,  page  24  ;  Engineering^ 
Vol.  Ix.,  p.  430,  Vol.  Ixi.,  p.  436. 
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bubbles  to  G  or  G^  but  the  level  in  the  right-hand  limb  remained 
at  E  ;  and  this  was  so,  whether  much  or  little  gas  was  forced 
into  the  tube.  Mr.  Matthey  held  that  this  demonstrated  that  the 
pressure  at  the  bottom  of  the  U-tube  was  the  same  as  if  the  gas 
were  absent,"  and  he  added,  "  This  disposed  of  the  distinction 
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which  had  been  drawn  between  the  case  where  there  was  con- 
tinuity of  water  round  the  bubbles,  and  where  the  bubbles  made 
plugs  of  gas  and  water  alternately,  completely  occupying  the 
section  of  the  tube.  It  was  sometimes  said  that  the  water  was 
entrained  by  the  bubbles  ;  or  that  the  bubbles  rose  in  virtue  of 
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their  lightness  and  dragged  the  water  with  them.  Such  expres- 
sions were  loose  and  unscientific.^  The  bubbles  which  rose  in 
the  left-hand  leg  in  Fig.  99  did  not  drag  any  water  out  of  the 
other  leg.  But,  if  instead  of  the  bubbles,  a  sohd  ball  attached 
to  a  fine  wire  was  placed  at  the  bottom  of  the  left-hand  leg,  and 
drawn  upwards  by  means  of  the  wire,  the  level  in  the  right-hand 
leg  became  depressed,  while  in  the  left-hand  leg  it  rose.  This 
might  be  called  entrainment,  but  it  was  produced  by  an  external 
force,  not  by  the  mutual  action  of  the  water  and  the  immersed 
body." 

This  experiment  with  the  bubbles  shows  that  the  force  which 
impels  the  advance  and  ascent  of  the  bubbles  of  gas  in  one  limb 
of  the  tube  evidently  re-acis  to  prevent  any  alteration  of  the  head 
of  water  in  the  other  limb,  and  it  is  probable  that  the  same 
result  attends  the  formation  and  ascent  of  steam  bubbles  in  the 
same  apparatus.  This  is  a  different  action  from  that  supposed  by 
Mr.  Thornycroft,*  in  which  periodical  accumulation  of  steam 
takes  place  in  the  tube  and  by  its  expansion  propels  the  water 
out  of  the  upper  end,  whilst  it  simultaneously  pushes  back  the 
water  at  the  lower  end  and  drives  some  of  the  water  out  of  the 
tube  in  that  direction. 

If,  however,  the  two  limbs  of  the  0-tube  be  joined  by  a  hori- 
zontal tube  just  above  E,  the  water  which  is  forced  up  to  G  will 
then  run  across  by  the  horizontal  connection  to  the  right  hand 
limb,  down  which  it  will  flow,  and,  thus  altering  the  hydrostatic 
head  at  that  point,  will  produce  a  movement  or  circulation  of  the 
water  in  the  U-tube.  It  is  evident  that  it  is  in  this  latter  form 
that  we  approach  the  conditions  w^hich  ought  to  be  present  in 
boilers,  as  they  must  provide  not  only  for  the  free  escape  of  the 
steam  from  the  water,  but  also  for  the  due  return  of  the  water 
which  is  carried  along  by  the  steam. 

Cau&e  of  Movement  of  Water. — As  to  the  cause  of  movement 
in  such  tubes,  there  is  a  variety  of  opinions.  Thus  in  one 
volume'  we  read,  "  If  the  water  is  as  shown  in  Fig.  100  and  the 
bubbles  of  steam  rising  in  it  as  shown,  the  bubbles  may  be  rising 
very  rapidly  and  producing  no  circulation,  for  the  head  of  the 

•  See  also  remarks  by  Mr.  C.  H.  Wingfield  in  Trans.  Inst.  Naval  Architects, 
Vol.  xxxvii.,  pp.  287,  288. 

*  Min.  Proc.  Inst.  C.  E.,  Vol.  xcix.,  p.  46. 

'  "  Steam  Boilers,"  bv  George  Halliday.     London,  1897,  p.  279. 
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water  will  still  be  the  same  as  in  the  other  limb,  .  .  .  These 
bubbles  might  be  replaced  by  corks,  and  ever\-  one  knows  that  a 
cork  rising  to  the  surface  will  not  produce  circulation."  But  at 
page  293  of  the  same  volume  we  have  some  account  of  experi- 
ments made  by  Prgfessor  Watkinson  in  these  words :  "  The  first 
kind  of  circulation,  viz.,  that  produced  by 

El     water  following  the  rising  of   the  steam 
X' !'  '.'     bubbles  through  the  water,  is  illustrated  in 

Fig.  loi.  There  the  steam  bubbles  do 
not  fill  the  base  of  the  left  tube,  nor  is 
there  any  foam  to  completely  fill  any  part 
of  the  tube,  and  the  movement  of  the 
water  is,  w  hen  all  at  the  same  temperature, 
produced  entirely  by  the  entraining  action 
of  the  bubbles  of  steam.  A  further  proof 
of  this  is  shown  in  Fig.  102,  where  a  tube 
is  inserted  inside  of  another,  and  a  bent 
blow-pipe  is  led  down  as  shown.  Wlien 
FIG.  100.  air  is  blown  down  through  the  tube,  it 

rises  in  bubbles  from  the  nozzle  at  C, 
producing  an  upward  movement  of  the  w^ater  by  the  entraining 
action  of  the  bubbles.  .  .  .  The  circulation  is,  then,  not  pro- 
duced in  any  way  by  a  difference  in  density  between  the  two 
vertical  limbs.  And  if  further  proof  be  needed,  it  is  supplied 
by  the  third  experiment,  Fig.  103,  where  the  movement  of  a 
number  of  beads,  threaded  on  a  wire  up- 
wards or  downwards,  makes  the  water  in 
the  tubes  follow  the  beads  upwards  or 
downwards  in  the  same  way  as  it  follows 
the  bubbles  of  steam  upwards  in  limb  A, 
Fig.  loi." 

Here,  then,  we  have  two  diametrically 
opposite  opinions  given  by  two  authorities 
on  the  same  point  or  question.    It  says  much  ^^  ^^^ 

for  the  candour  of  the  author  of  one  of  them 
that  we  find  both  expressions  of  opinion  almost  side  by  side  in  the 
same  volume.  It  is  evident,  however,  that  we  must  refer  Fig.  103 
back  to  Mr.  Matthey's  experiment  on  p.  223,  and  to  the  difference 
shown  by  him  between  bubbles  of  gas  and  a  solid  ball  on  a 
fine  wire  in  Fig.  99.     There  is  no   fair  comparison  possible 


E 


a£ 


^S 


^*t^-^{^ 


THE  MODERN  STEAM  BOILER. 


227 


between  a  solid  piston  or  diaphragm,  of  whatever  size  or  shape, 
moved  by  external  force  in  a  liquid,  and  the  movement  of  free 
bubbles  of  air,  gas  or  steam,  in  the  same  mass  of  liquid.  As  to 
the  other  matter,  there  is  undoubtedly  some  movement  of  the 
water  produced  by  the  passage  of  the  bubbles  of  air  or  gas,  and, 
as  we  have  already  seen,  much  more 
disturbance  of  the  liquid  produced  by  the 
movement  of  bubbles  of  steam  which  we 
found  in  it,  but  whether,  under  the  cir- 
cumstances supposed,  that  movement  is 
sufficient  to  provide  efficient  circulation 
in  a  boiler,  does  not  concern  us,  because 
the  conditions  are  not  those  of  the  rapid 
genei-ation  of  steam,  and  intermediate 
stages  must  quickly  pass  till  this  one  is 
reached.  It  is  certain,  however,  that 
without  the  additional  movement  of  the 
water,  due  to  alteration  of  head  in  the 
down-comer,  the  movement  of  the  bubbles 
FIG.  102.  alone  could  not  cause  any  general  circu- 

lation of  the  water  in  a  boiler. 
Additional  light  is  thrown  on  this  subject  by  the  paper,  "  On 
the  Ascent  of  Hollow  Glass  Bulbs  in  Liquids,"  read  by  Professor 
E.  J.  Mills,  D.Sc,  F.R.S.,  to  the  Physical  Society  of  London,  on 
May  14,  188 1,  and  published  in  the  Phil,  Mag.  in  July  of  that 
year.  Dr.  Mills  showed  the  effect  of  varia- 
tion of  the  diameter  of  the  tube  on  the 
speed  of  ascent  ;  also  the  effect  of  change 
in  the  amount  of  unbalanced  pressure,  to 
which  ascent  is  due  ;  and  also  the  effects 
of  having  gases  of  different  specific  gravity 
in  the  bulbs,  and  gave  an  algebraic  expres- 
sion of  the  law  under  which  in  each  case 
the  ascent  took  place. 

Action  0/  Rapid  Formation  of  Steam. — ^\Vhen 
steam  is  being  rapidly  formed,  all  are  agreed  that  with  small 
tubes  or  passages  the  steam  bubbles  form  plugs  or  pistons  which 
practically  force  the  water  before  them,  and  in  effect  in  many 
boilers  produce  'fairly  continuous  fountains  or  cascades  from 
almost  all  the  tubt?s  into  the  upper  chamber  of  the  boiler.     It  is 
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quite  clear  that  gravity  is  not 
the  only  force  concerned  in 
this  result,  but  the  quantity  of 
water  so  thrown  up.  to  some 
extent  contrary  to  the  action 
of  gravity,  contributes  by  its 
descent  to  an  increased  gravity 
result,  and  otherwise  assists 
in  the  healthy  action  of  the 
boiler.  Fig.  104  illustrates  this 
phenomenon  in  a  boiler  of 
the  Thornycroft  pattern,  with 
water-tubes  delivering  above 
the  water  level  of  the  boiler. 

With  larger  tubes,  and  with 
tubes  neiuiy  horizontal,  it 
stands  to  reason  that  these 
plugs  or  pistons  can  rarely,  if  at  all,  be  formed,  and  in  such  case 
the  circulation  will  be  neither  so  rapid  nor  so  regular.    That  is  to 
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say,  the  quantity  of  water  forced  into  movement  by  the  action  of 

the  steam  cannot  be  so  large.     In  some  cases  foam  is  formed,  but 

he  existence  of  foam  in  tubes  and  headers  is  most  undesirable 
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from  the  point  of  view  of  heat  transmission,  though  it  is  not  so 
bad  as  the  presence  of  a  large  quantity  of  steam  which  can 
escape  only  slowly,  whilst  it  prevents  the  entry  of  sufficient  water 
into  the  tube.  Yet  both  of  these  conditions  are  likely  to  exist  in 
boilers  of  the  inclined  tube,  and  Belleville  classes  with  large  tubes. 
Fig.  105  shows  one  of  these  conditions  in  an  inclined  tube 
boiler,  as  existing  in  a  model  in  action.  The  foam  appears  in 
the  header  and  at  the  top  ends  of  the  tubes.  The  model  of  a  Belle- 
ville boiler  exhibited  in  action  by  Professor  Watkinson  *  during 
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a  discussion  on  water-tube  boilers  at  the  Institution  of  Engineers 
and  Shipbuilders  in  Scotland,  showed  a  considerable  quantity  of 
water  forced  into,  and  retained  in  the  steam  drum  (above  the 
normal  water-line  of  the  boiler),  and  some  of  the  inclined  tubes 
near  the  top  kept  almost  full  of  steam,  in  consequence  of  the 
water  which  had  been  forced  up  into  the  drum  being  unable  to 
re-enter  the  tubes  by  the  steam  passage.  This  model  is  shown 
in  Fig.  106.     In  discussing  the  subject,  as  illustrated  by  the  glass 

'  See  Trans.  Inst.  Eng.  and  Shipbuilders  in  Scotland,  Vol.  xli.,  pp.  249-255. 


230  •  THE  PRACTICAL  PHYSICS  OF 

models  on  the  occasion  referred  to,  it  was  remarked*  that  "tak- 
ing the  indications  given  by  the  action  of  Professor  Watkinson's 
glass  models,  the  Belleville  boiler  ought  to  have,  on  Professor 
Watkinson's  basis  of  reasoning,  the  best  circulation,  because  it 
showed  the  largest  quantity  of  water  forced  up  the  greatest 
distance  into  the  drum  above  the  water  level.  But  it  really 
showed  the  worst  circulation,  because  that  water  (the  position 
of  which  really  constituted  Professor  Watkinson's  gauge  of  the 
amount  of  circulation)  was  maintained  there  at  the  expense  of 
the  upper  rows  of  tubes,  which  were  kept  nearly  empty  of 
water,  and  thus  exposed  to  over-heating  and  to  e.isy  distortion 
by  strains,  such  as  those  caused  by  the  pitching  and  rolling  of 
steam  vessels."  The  observations  recorded  in  Chap.  II.,  pp. 
45-48  show  that  there  is  some  foundation  for  the  opinion 
that  such  action  really  takes  place  in  this  boiler. 

Where  plugs  or  pistons  of  steam  are  not  formed,  there  is  a 
continuous  stream  of  bubbles  rushing  upwards,  always  accom- 
panied by  more  or  less  water,  which  is,  as  Clerk  Maxwell  re- 
marked, thrown  up  into  the  steam  space. 

Down-comers. — It  is  no  doubt  the  proper  course  in  boiler 
design  to  provide  distinct  channels  or  passages  which  are  to  be 
used  as  down-comers  only,  where  the  circulation  is  that  produced 
by  boiling,  so  that  the  water  carried  up  may  descend  continuously 
without  any  interruption  from  the  formation  of  steam  in  the 
down-comer  passages.*  This  is  sufficiently  apparent  to  be  axiom- 
atic, as  is  also  the  principle  that  in  water-tube  boilers  the  more 
nearly  vertical  the  water  passages  (for  both  up  and  down 
currents)  are,  the  more  truly  are  they  arranged  in  harmony  with 
the  laws  of  the  circulation  of  heated  fluids.  These  principles 
the  author  advocated  and  defended  in  a  series  of  letters  to 
Engineering^  in  1877,  and  in  spite  of  the  popularity  of  some 
boilers  constructed  of  water-tubes  only  slightly  inclined  from  the 
horizontal,  it  is  certain  that  the  best  results  can  never  be  reached 
by  any  compromise  with  fundamental  principles.  The  experi- 
ments described  by  Mr.  John  Watt  to  the  Institution  of  Naval 

*  See  Trans.  Inst.  Enjj.  and  Shipbuilders  in  Scotland,  Vol.  xli.,  p.  127. 

*  See  Trans,  Inst.  \.  .A.,  Vol.  xxxvii.,  p.  287,  288. 

3  See  Euginichtif^,  13th  and  20th  .April,  4lh,  nth,  and  i8th  May.  ist  June 
and  20th  July,  1877,  also  "  On  the  Design  and  Use  of  Boilers,"  Engineering^ 
Vol.  xxvi.,  164. 
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Architects*  in  March,  1896,  are  as  inconclusive  on  this  point  as 
are  the  first  two  bold  assertions  which  he  called  "  rules "  or 
**  laws  "  in  his  paper  of  March,  1874,  from  which  he  quoted  them 
with  approval  for  the  instruction  of  the  Institution  of  Naval 
Architects.  If  it  is  ridiculous  to  expect  a  good  result  from  a 
Cornish  boiler  placed  on  end,  as  Mr.  Watt  once  contended,* 
how  much  more  so  to  expect  a  Root  boiler  or  a  Babcock  and 
Wilcox  boiler  to  work  at  all  when  placed  with  the  water-tubes 
in  a  vertical  position.  They  would  then  possess  no  proper 
means  of  being  either  heated  or  supplied  with  ^'ater,  and  no 
competent  person  could  compare  them,  under  such  circum- 
stances, with  any  water-tube  boiler  properly  constructed  with 
verticar water- tubes.  The  defects  in  Mr.  Watt's  reasoning  from 
his  experiments  were  demonstrated  by  Mr.  Thornycroft  and 
Mr.  Blechynden  in  Trans.  Inst.  N.  A.,  Vol.  xxxvii.,  pp.  182-284 
and  by  Mr.  Normand's  paper  "  On  Water-Tube  Boilers "  in  the 
same  volume,  p.  109. 

Regarding  the  use  of  separate  down-comers,  it  seems  to  be 
held  by  some  makers  that  boilers  composed  of  nearly  vertical 
water-tubes  which  deliver  steam  below  w-ater  level,  under  the 
ordinary  method  and  conditions  of  firing,  are  sure  to  have  some 
of  the  tubes  kept  exposed  to  a  very  much  higher  temperature 
than  others  which  are  farther  from  the  fire,  and  that  the  water 
will  descend  by  these  cooler  tubes,  even  when  no  regular  down- 
comer  is  provided,  in  spite  of  the  fact  that  these  tubes  are 
exposed  to  some  heating.  Mr.  W.  M.  McFarland  records' 
that  some  years  ago  Mr.  C.  Ward,  in  America,  announced  that 
he  did  not  find  external  down-comer  tubes  to  be  necessary. 
"  As  a  matter  of  necessity,"  he  said,  "  some  tubes  will  be  cooler 
than  others,  and  if  the  water  goes  up  in  some,  it  must  come 
down  in  others.'*  There  appears  to  be,  however,  rather  too  much 
haphazard  in  this  plan,  which  practically  allows  the  boiler  to 
choose  for  itself  which  are  to  be  its  down-comer  passages  ;  and  it 
is  quite  conceivable  that  such  a  change  of  conditions  might 
arise  in  the  course  of  working  as  would  upset  the  ordinary 
sequence  of  the  actions  depended  upon,  and  interfere  with  the 
safety  of  the   boiler,   or,   in   any   case,   seriously  diminish  its 

*  Trans.  I.  N.  A.,  Vol.  xxxvii.,  p.  261. 

•  See  Engineering,  May  25,  1877. 

'  Trans.  Inst.  Engineers  and  Shipbuilders  in  Scotland,  Vol.  xli.,  p.  138. 
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efficiency.  With  ordinary  arrangements  for  firing,  and  with 
natural  circulation  of  the  water  due  to  the  action  of  boiUng,  a 
boiler  might  continue  to  work  steadily  for  some  time,  under  such 
conditions  as  Mr.  Ward  indicated,  but  a  stress  of  circumstances 
might  arise  at  any  moment  which  would  destroy  the  equilibrium 
of  the  apparatus,  so  that  Mr.  Ward's  plan  could  not  be  reckoned 
upon  as  a  very  satisfactory  one.  A  little  more  heat  than  usual 
getting  to  the  tubes  acting  as  down-comers  might  interrupt  the 
current  of  water  by  the 
formation  of  st^fim  in  them, 
and  might  thus  force  the 
water  to  remain  in  the 
upper  portions  of  the  boiler 
till  some  damage  was  done 
by  the  overheating  of  tubes. 

Mr.  Yarrow*s  Expennienls 
on  Down-comers. — Mr.  A.  F. 
Yarrow,  however,  carried 
out  some  very  interesting 
experiments  which  show^ 
that  it  may  be  possible  to 
heat  the  down-comers  of  a 
boiler  without  interfering 
with  the  direction  of  the 
current  of  water.  These 
experiments  are  shown  in 
the  following  illustrations 
and  described  in  Mr.  Yar- 
row's words.  "  Fig  107 
represents  a  glass  U-  tube, 
the  upper  extremities  being  fixed  to  a  chamber  containing  water. 
At  the  top  will  be  seen  a  balance,  at  one  end  of  which  is 
a  thin  cord  with  a  bob  attached,  this  bob  being  immersed  in  one 
of  the  columns.  Any  circulation  of  water,  by  acting  on  the  bob, 
would  be  indicated  by  the  balance.  It  will  be  seen  that  there 
are  three  lamps  on  each  side,  adapted  for  heating  the  two  tubes. 
In  Fig.  107  the  three  lamps  on  one  side  are  alight  and  circula- 
tion in  this  tube  is  naturally  set  up  in  an  upward  direction 
drawing  the  water  down  the  tube  on  the  opposite  side. 

**  After  this  circulation  was  started  the  three  lamps  heating  the 


FIG.   107. 
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other  tube,  see  Fig.  108  (that  is,  the  one  in  which  the  water 
was  moving  downwards),  were  lighted,  and  it  was  found, 
contrary  to  general  opinion,  that  the  circulation  was  not  stopped 
or  retarded,  but  actually  accelerated,  as  will  be  seen  by  the 
position  of  the  balance  in  Fig.  108.  "  Some  further  trials  were 
made  with  a  similar  apparatus,  but  on  a  larger  scale,  under 
pressures  varying  from  50  to  150  lbs.  per  square  inch,  and  it 
was  found  that  when  once  circulation  was  set  up  in  a  certain 

direction,  all  the  heat  might 
be  applied  to  the  down 
current  without  reversing 
the  circulation,  which  thus 
remained  constant.  This 
was  a  result  quite  unex- 
pected. It  was  thus  proved 
that  when  once  circulation 
is  set  up,  it  has  a  very 
strong  tendency  to  remain 
constant." 

Mr.  Yarrow's  conclusion 
from  these  experiments  is 
scarcely  sufficient  basis  for 
proof  of  the  larger  question 
involved.  The  general  con- 
clusion, that  the  direction 
of  circulation  or  movement 
of  water  when  once  set  up 
tends  to  remain  constant,  is, 
no  doubt,  connect,  because 
in  order  to  alter  the  direc- 
tion more  force  has  to  be  brought  to  bear  on  the  water  than  is 
required  to  set  up  the  movement  in  the  first  instance.  The  already 
established  movement  has  to  be  stopped  and  reversed.  The  same 
result  is  seen  in  the  experiments  with  air  bubbles,  described  by 
M.  de  Chasseloup-Laubat*  and  others,  where  the  action  of  heat 
does  not  enter  into  the  question.  But  the  conclusion  that  when 
once  circulation  is  set  up  in  a  certain  direction  all  the  heat  may 

'  See  Les  Chaudieres  Marines  par  M.  de  Chasseloup  Laubat,  in  Mem.  de  la 
Soc.  des  Ingenieurs  Civils  de  France,  April,  1897.  See  also  Trans.  Inst. 
Engineers  and  Shipbuilders,  Vol.  xli.,  p.  253. 
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be  applied  to  the  down-comer  without  reversing  the  direction, 
cannot  with  safety  be  applied  to  boilers  in  actual  operation.  The 
reason  is  apparent.  In  the  case  of  tubes  or  models  heated  by 
gas  flames,  both  the  amount  of  heat  and  the  part  of  the 
surface  to  w^hich  it  is  applied  suffer  no  fluctuation,  and  moreover 
the  amount  of  heat  is  not  great  and  it  is  completely  under 
control  from  moment  to  moment.  The  conditions  are  entirely 
different  in  the  case  of  boilers  with  coal  fires,  operated  either  by 
natural  or  forced  draught.  The  temperature  is  constantly  varying 
from  a  far  more  fierce  heat  than  that  of  Bunsen  flames  to  a  low 
degree,  and  the  eddying  of  the  currents  of  gases  causes  unequal 
and  varying  distribution  of  the  heat.  Moreover,  the  opening  of 
furnace  doors  alone  is  sufficient  to  cause  a  radical  alteration  of 
the  conditions.  In  such  a  case  it  would  be  far  from  prudent  to 
trust  to  the  continued  or  regular  action  of  such  down-comers, 
which  could  at  almost  any  moment  be  thrown  entirely  out  of  gear. 
In  reasoning  from  the  results  of  experiments  it  is  necessary  always 
to  give  due  consideration  to  the  altered  conditions  of  actual 
work,  but  this  is  frequently  forgotten.  Where,  however,  a 
boiler  is  composed  of  several  rows  of  small  tubes  it  is  probable 
that  the  three  or  four  rows  nearest  to  the  fire  will  screen  off  the 
heat  from  the  outer  rows,  shading  them  from  the  radiation  and 
interposing  their  large  amount  of  surface  to  cool  down  the  hot 
gases  before  these  reach  the  outside  rows.  It  is  in  just  such  a 
boiler  as  that  of  Mr.  Yarrow  that  such  a  result  is  most  likely  to 
be  experienced  and  his  latest  experiments  *  show  how  he  has 
taken  advantage  of  it  and  has  even  advanced  a  step,  so  that  by 
admitting  the  feed  water  to  these  tubes  he  constitutes  them  a 
feed-heater  for  the  supply  of  the  boiler. 

Chasseloup-LaubaVs  Summmy, — A  very  useful  summary  of 
elementary  experiments  on  circulation  of  water  in  boilers  is 
given  by  M.  de  Chasseloup-Laubat  in  his  excellent  treatise  on 
Les  Chaudieres  Marines'  (pages  76-94). 

Bellens^  Experiments, — Amongst  the  most  interesting  are  some 
with  models  prepared  by  M.  C.  Bellens  and  described  in  his 
work  on  steam  boilers.'     M.  Bellens  prepared  two  models  with 

^  Trans.  Inst.  X.A.,  Vol.  xl.  (March  31st,  1898.) 

*  Published  in  Memoires  de  la  Societe  des  Ingenieurs  Civils  de  France. 
April,  1897. 

*  Traitc  des  Chaudieres  a  Vapeur,  par  Charles  Bellens.     Paris,  1895. 
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tubes  respectively  of  25  millimetres  and  60  millimetres  diameter, 
slightly  inclined  from  the  horizontal.  These  are  shown  in  Figs. 
109  and  no. 
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In  the  first  (Fig.  109)  the  water  was  free  to  circulate  in  either 
direction,  and  the  arrows  show  the  course  which  it  usually  took. 
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In  the  second  model  (Fig.  no)  means  were  introduced  by  which 
either  the  upper  or  lower  extremity  of  the  inclined  tubes  could 
be  closed  at  will.  M.  Chasseloup-Laubat  testifies  that  in  these 
forms  the  circulation  was  very  middling — as  M.  Bellens  had  also 
remarked  in  his  interesting  volume — and  that  a  considerable 
part  of  the  water  set  in  motion  by  the  steam  bubbles  returned 
by  the  upper,  instead  of,  as  ought  to  have  been  the  case,  by  the 
lower  end  of  the  tubes.  Moreover,  the  movement  of  the  water 
in  the  second  and  third  tubes  from 
the  bottom  was  extremely  irregular. 
Not  only  was  it  fast  or  slow  without 
apparent  reason,  but  also  it  changed 
in  direction,  and  sometimes  the  tubes 
were  almost  entirely  filled  with  steam. 
These  disturbances  were  produced 
chiefly  at  the  moment  when  any  varia- 
tion of  the  heating  took  place.  At 
A,  B,  and  C  (Fig.  no)  a  considerable 
space  along  the  upper  sides  of  the 
tubes  is  shown  with  steam  only  in 
contact  with  the  tube  surfaces.  This 
is  commonly  seen  in  models  having 
inclined  tubes,  and  reveals  the  possi- 
bility of  overheating  which  is  often 
found  in  boilers  constructed  on  that 
plan. 

*'  Emulseur''  Tubes. — Fig.  in  shows 
an  apparatus,  also  constructed  by  M. 
Bellens,  to  illustrate  the  action  of  the  fig.  m. 

'^  emulseurs  "  introduced  by  M.  Dubiau 

for  the  purpose  of  producing  a  more  active  and  forcible  circula 
tion  of  the  water  than  that  which  is  due  only  to  the  action  of 
gravity.  Two  globes,  A  and  B,  are  joined  by  a  tube  R,  and  by 
another  tube  E,  of  which  latter  the  lower  end  is  bevelled.  The 
tube  E  is  called  the  "  emulseur  '*  tube.  On  commencing  to  work, 
the  lower  globe  B  is  completely  filled  with  water,  and  then  heat 
is  applied  to  it.  The  steam  accumulates  in  the  upper  portion  of 
B,  depressing  the  water  level  until  the  edge  of  the  bevel  P  is 
reached.  The  steam  then  escapes  by  the  tube  E,  and  in  doing 
so  forces  water  up  into  the  globe  A.     From   that  moment  an 
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extremely  active  circulation  is  set  up.  The  level  of  the  steam 
remains  constant  unless  the  rate  of  heating  is  such  that  more 
steam  is  formed  than  can  escape  by  the  tube  E.  In  this  latter 
case  we  are  not  told  what  would  happen,  but  may  readily 
imagine  what  the  result  would  be  ;  and  it  is  thus  apparent  that 
the  safety  of  such  apparatus  depends  entirely  upon  having  a 
sufficient  area  of  "  emulseur  "  tubes  to  provide  for  variations  in 
the  rate  of  steam -raising. 

ThoniycrofVs  Experiment. — Mr.  J.  I.  Thornycroft,  in  two  papers 
presented  to  the  Institution  of  Naval  Architects/  described  some 
interesting  experiments  made  by  him  with  a  view  to  establish 
the  superiority  of  boilers  having  water-tubes  delivering  their 
steam  above  the  normal  water  level  of  the  boiler,  over  those 
boilers  whose  tubes  delivered  under  the  water  level.  The  tubes 
of  this  latter  form  of  boiler  are  sometimes  called  "  drowned  '*  or 
immersed  tubes  ;  and  M.  de  Chasseloup-Laubat  has  placed  the 
two  kinds  of  boilers  respectively  under  classes  which  he  terms 
*' non-reversible  cycle"  and  '^reversible  cycle"  boilers.  Mr. 
Thornycroft  carried  out  these  experiments  in  apparatus  repre- 
sented by  Figs.  112  and  113,  and  described  them  as  follows: 
'*  Considering  the  boilers  shovi-n  in  Figs.  112  and  113,  if  the  pres- 
sure in  the  lower  vessel — that  is,  at  the  bottom  ends  of  the 
generating  tubes — is  that  due  to  the  full  depth  of  water  in  the 
boiler,  in  addition  to  the  steam  pressure,  then  any  reduction  of 
density  in  the  generating  tubes  will  all  be  available  for  causing 
circulation  ;  and  thus  any  reduction  in  pressure  in  the  lower 
vessel,  below  that  due  to  the  head  of  water  in  the  boiler,  is  a 
direct  loss  to  the  energy  of  circulation,  so  that  variations  of  this 
pressure  are  of  great  importance.  These  variations  can  be 
conveniently  measured  by  a  pressure  column  formed  of  a  long 
gauge  glass  connecting  the  steam  space  of  the  upper  vessel  with 
the  lower  vessel.  The  difference  of  the  water  level  in  this  glass 
from  the  water  level  in  the  upper  vessel  is  a  direct  measure  of 
any  reduction  of  pressure  in  the  lower  vessel. 

"  I  have  made  experiments,  taking  obser\ations  from  such 
pressure  columns  litted  to  the  boilers  shown  in  Figs.  112  and  113 
when  they  were  working  under  different  conditions.     The  rate 

*  On  "Circulation  in  the  Tiiornycrofl  Water-tube  Boiler,"  Vol.  xxxv., 
p.  287.  On  *'  The  Intluence  of  Circulation  on  Evaporative  Efficiency  oi 
Water-tube  Boilers,"  Vol.  xx.wi.,  p.  40. 
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of  evaporation  and  steam  pressure  being  varied  for  the  several 
arrangements  of  boiler,  which  were — 

**  (i)  Generating  tubes  delivering  above  water. 

"  (2)  Generating  tubes  delivering  below  water. 

"(3)  Generating  tubes  delivering  below  water  without  any 
special  downtake  tube. 

"The  curves  in  diagram  Fig.  114  show  graphically  the  results 
of  these  experiments  ;  the  falls  of  pressure  in  the  lower  vessels 
are  plotted  as  ordinates,  and  the  rates  of  working  as  abscissae. 

'*  It  will  be  seen  that  the  rate  of  working  has  been  taken  up 
very  high,  probably  more  than  double  ordinary  working,  the 
object  in  doing  this  being  to  ascertain  up  to  what  rate  each 
arrangement  can  be  worked  with  safety. 

*'  In  the  first  series  of  cur\^es,  the  results  recorded  were 
obtained  from  the  boiler  (Fig.  112)  with  the  generating  tubes 
delivering  above  water.  It  will  be  seen  from  the  curve  that,  as 
the  rate  of  working  is  increased,  the  pressure  column  falls 
slightly,  and  at  an  evaporation  of  20  lbs.  of  water  per  square 
foot  of  heating  surface  stands  at  85  per  cent,  of  the  maximum  ; 
and  by  halving  the  working  pressure  the  results  are  not  sensibly 
changed. 

"  The  next  series  of  curves  is  taken  from  the  boiler  (Fig.  113), 
which  has  the  same  heating  surface,  etc.,  as  Fig.  112,  but  the  top 
ends  of  the  tubes  deliver  below  water.  It  will  be  seen  that  the 
curves  fall  much  more  rapidly  than  the  first  series,  and  that  by 
halving  the  working  pressure  the  pressure  in  the  lower  vessel 
is  distinctly  reduced.  The  third  series  was  obtained  from  the 
same  boiler  (Fig.  113)  by  plugging  the  down-tubes,  so  that  some 
of  the  generating  tubes  had  to  act  as  down-tubes  for  the  supply 
of  the  others  ;  the  feed  water  being  all  delivered  into  the  upper 
vessel.  In  this  case  the  character  of  the  curves  changes  from 
the  first  two  series  very  much.  A  diminution  in  pressure  of 
working  causes  the  pressure  column  to  fall  very  much  ;  in  the 
case  of  the  pressure  being  only  2875  lbs.  per  square  inch 
absolute,  it  fell  to  about  46  per  cent,  of  the  maximum. 

"The  most  important  point,  however,  apart  from  this  low 
pressure,  but  a  result  of  it,  is  that  for  any  given  pressure  a 
critical  rate  of  working  is  arrived  at  when  the  pressure  column 
begins  to  rise  again  with  increased  rate  of  working,  thus 
showing  an  increased  pressure  in  the  lower  vessel,  caused  by  the 
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steam  being  unable  to  get  oat  at  the  top  ends  of  the  tubes  fast 
enough,  and  so  comes  out  ;it  the  bottom  ends  as  well. 

•*  It  will  be  seen  from  the  curves  that  the  lower  the  pressure 
of  working  the  sooner  this  critical  point  is  arrived  at,  and  I 
found  that  when  the  evaporation  was  pushed  beyond  this  critical 
point  the  tubes  were  not  safe  from  overheating  ;  but,  by  taking 
the  tubes  intended  for  downtakes,  and  extending  their  upper 
ends  above  the  water  surface  so  that  water  could  not  go  down, 
and  the  steam  in  the  lower  vessel  could  readily  get  away  to  the 
separator,  it  was  poi^sible  to  increase  the  rate  of  evaporation 
somewhat,  inasmuch  as  the  facility  for  the  tulies  getting  rid  of 
their  steam  was  increased. 

**  Contrasting  the  different  conditions  of  working  of  the  water- 
tubes  in  the  three  series  of  experiments  I  have  described,  and 
noting  what  slight  differences  these  conditions  may  necessitate 
in  the  design  of  a  boiler,  the  nearness  to  success  which  a  boiler 
intended  for  hard  forcing  may  be,  and  yet  fail,  is  clearly  seen. 

**  In  conclusion,  I  would  submit  th.it  the  absence  of  special 
elown- tubes  limits  to  a  great  extent  the  amount  to  which  a  boiler 
can  be  safely  forced,  and  shows  that  to  obtain  the  highest  rate 
of  working  with  safety  and  efficiency  these  special  down-tubes 
must  Jiot  be  neglected  ;  and  still  further,  the  tubes  should  deliver 
above  water,  as  then  the  circulation,  as  I  have  previously  shown, 
is  double  that  when  the  tubes  deliver  below  water.  So  that  this 
rapid  circulation  is  a  most  important  condition  for  hard 
working." 

In  his  previous  paper  (read  in  March,  1894),  Mr.  Thornycroft 
said  that  he  had  "  recently  made  experiments  on  the  relative 
circulation  of  boilers  when  the  generating  tubes  deliver  above 
the  water  in  the  separator  and  below  it,"  and  had  "  found  that, 
in  the  case  where  they  deliver  above,  the  circulation  is  rather  more 
than  double  that  when  they  deliver  below."  *'The  method 
of  measurement  I  adopted."  he  continued,  "  was  to  put  a  rect- 
angular notch,  similar  to  those  usually  employed  in  gauging 
small  streams,  across  the  separator,  so  that  all  the  water  that 
wxnt  down  the  downtakes  had  to  pass  over  it,  and  I  then 
observed  the  How  over  the  notch  through  a  glass  window  in  the 
end  of  the  boiler,  and  thus,  knowing  the  size  of  the  stream,  was 
able  to  calculate  the  circulation.  I  found  lluit,  in  the  case  of 
the   above-water  delivery,   the    circulation    was    105    times  the 
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feed — that  is  to  s;iy,  for  every  pound  of  steam  brought  up  by  the 
generating  tubes,  105  pounds  of  water  are  also  passed  through 
them.'*  This  was,  however,  modified  at  a  later  date  by  Mr. 
Thornycroft  saying'  that  '* //  the  waler  going  down  the  stnall 
tubesj  which  should  not  go  down,  was  neglected^  the  How  in  the 
tubes  delivering  above  water  was  about  twice  as  great  as  the 
flow  in  the  tubes  delivering  below."  This  is  an  important 
qualification,  for  it  is  only  in  the  boiler  with  tubes  delivering 
below  water  that  any  water  could  go  down  the  small  tubes,  and 
it  is  impossible  to  say  how  many  of  these  might  act  (or  might 
have  acted)  as  down-comers  during  such  experiments,  or  what 
effect  that  might  have  on  the  rate  of  flow  of  water  towards  the 
downtake  tube  at  the  end  of  the  separator.  On  this  account  the 
conclusion  as  to  the  proportionate  flow  of  water  in  the  two 
instances  as  obsen^ed  is  not  very  convincing ;  and  another 
element  of  uncertainty  is  added  in  the  fact  of  the  flow  of  water 
having  to  be  observed  end-on  (i.e,,  in  the  line  of  and  not  across 
the  line  of  advance  of  the  water)  from  the  glass  window  in  the 
end  of  the  separator,  under  circumstances  in  which  a  regularly 
flowing  stream  could  not  be  expected,  whilst  all  variations  in 
speed  of  the  current  had  to  be  estimated  by  the  eye  in  the 
position  mentioned. 

The  measurement  of  flowing  water  by  means  of  bays  or 
w-eirs  is  in  reality  a  very  delicate  operation,  and  there  are 
numerous  sources  of  error  connected  with  it.  The  coefficients 
differ  with  the  depths  of  water,  the  width  of  canals  of  ap- 
proach, the  depths  from  the  bottom  of  canals  to  the  bottom 
edges  of  the  weirs,  the  length  and  thickness  of  the  w^eirs,  and 
other  circumstances.  We  have  it,  for  instance,  on  the  authority 
of  Messrs.  Donkin  and  Salter,*  that  an  error  of  ^J^^  of  an  inch 
in  excess  (in  measurement  of  the  head  of  water  over  the  bay  in 
his  experiments)  in  reading  with  i^  inch  of  water  running  over 
the  bay  would  have  increased  the  theoretical  quantity  by  02  per 
cent. 

Normand^s  Objections. — M.  Normand  dissented  from  the  con- 
clusions founded  on  these  experiments  on  other  grounds.  He 
said': — "With  all  due  deference,  may  I  be  allowed  to  state  that 

*  Sec  Tians.  Inst.  X.  A.,  Vol.  xxxvii.,  page  137. 

'  Min.  Proc.  Inst.  C.  E.,  Vol.  Ixxxiii.,  380.     See  also  Ixxix.,  402  ;  cxiv,,  333. 

'  "On  Water  tube  Boilers."     Trans.  Inst.  N.  A.,  Vol.  xxxvii.,  page  \12, 


242  THE  PRACTICAL  PHYSICS  OF 

I  draw  from  these  trials  entirely  opposite  conclusions  ?  The 
dimensions  of  the  outside  return  tubes  being  similar  in  both 
cases,  and  admitting  that  the  total  return  of  water  takes  place 
by  these  tubes,  and  not  partially  through  some  of  the  heating 
tubes  which  may  be  less  exposed  to  the  fire  (which  does  not 
seem  to  be  a  very  reliable  arrangement),  it  is  clear  that  the 
quantity  of  water  which  goes  down  through  the  return  tubes 
will  be  proportional  to  the  square  root  of  the  difference  oi 
pressure  between  both  reservoirs.  Now,  this  quantity  of  w^ter 
is,  by  hypothesis,  exactly  equal  to  the  ascending  water,  so  that 
it  is,  according  to  the  trials,  greater  in  the  boiler  where  the 
upper  ends  of  the  tubes  are  under  water.  This  conclusion  is  in 
accordance  with  the  following  probable  theory,  that  the  head 
of  water  which  causes  the  circulation  in  a  tube  rising  above 
water  must  be  reduced  by  a  height  equal  to  that  of  the  tube 
above  the  water  level,  due  allowance  being  made  for  the  smaller 
density  of  the  fluid.  The  under-water  arrangement  does  not, 
perhaps,  allow  of  so  great  a  heating  surface  for  a  given  encum- 
brance, but  it  offers  the  further  advantage  that  no  'steam 
chamber '  can  exist  in  the  upper  part  of  the  tubes." 

There  are,  in  fact,  other  elements  which  should  also  enter 
into  the  consideration  of  such  a  question.  For  instance,*  in  the 
two  boilers  experimented  with,  the  distance  between  the  upper 
and  lower  vessels  was  least  where  the  length  of  the  bent  water- 
tubes  was  greatest  in  one  boiler,  and  vice  versa  in  the  other. 
That  is  to  say,  in  the  one  which  showed  the  smallest  fall  of 
water  level,  the  water  had  the  longer  distance  to  ascend  and  the 
shorter  to  return,  whilst  the  other  presented  the  opposite  con- 
ditions. It  is  evident  that  the  variation  of  water  level  was 
caused  by  a  more  rapid  circulation  in  the  boiler  which  showed 
the  greatest  fall  in  the  test  column,  unless  we  are  to  believe  that 
longer  and  more  crooked  tubes  offer  less  resistance  to  the  flow 
of  water  than  the  shorter  and  straighter  ones. 

The  slower  the  circulation,  the  larger  the  quantity  of  water 
which  would  be  comparatively  quiescent  in  the  lower  vessel  or 
chamber,  and  therefore  able  to  maintain  the  water  column  at  its 
original  level.  But  if  all  the  water  were  in  rapid  and  violent 
circulation,  that  would  in  effect  be  equal  to  an   enlargement  of 

'  *'On  Water-tube  Boilers,"  hy  F.  ].  Kmvan.  Trans.  Inst.  Engineeri  and 
Shipbuilders  in  Scotland,  Vol.  xli.,  p.  29, 
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the  steam  space,  because  a  large  quantity  of  the  water  would  be 
always  broken  up  into  the  state  of  foam,  and  this  would  lower 
the  level  in  the  test  column.  It  seems  to  be  clear  that  in  neither 
of  these  cases  could  the  test  column  be  taken  as  the  equivalent 
of  a  piezometer. 

Since  the  above  was  written,  the  view  therein  expressed  has 
been  fully  confirmed  by  a  paper  read  to  the  Inst.  C.  E.  by  Mr. 
J.  T.  Milton,  Chief  Engineer  Surveyor  of  Lloyd's  Registry.* 
Mr.  Milton  says  of  these  experiments  of  Mr.  Thorny- 
croft's  :  "  In  the  experiments  made  at  two  different  steam 
pressures  and  at  rates  of  evaporation  varying  between  3lbs.  to 
over  I5lbs.  per  hour  per  square  foot  of  heating  surfJice,  the 
reduction  of  pressure  in  the  lower  chambers  was  in  every  case 
from  two  and  a  half  to  three  times  as  great  in  the  boiler  where 
all  the  tubes  dehvered  below  the  water  as  in  that  in  which  they 
delivered  above  the  water.  The  velocity  of  the  water  in  the 
down-comers  must,  therefore,  have  been  between  60  per  cent, 
and  70  per  cent,  greater  in  the  former  than  in  the  latter,  and 
therefore  far  more  water  must  have  circulated  through  the  up- 
tubes.  This  should  have  been  expected,  as  in  the  boiler  with 
the  above-water  delivery,  owing  to  the  greater  height  the 
mixture  of  steam  and  water  has  to  be  raised,  its  density  must  be 
hghter,  or  the  pressure  to  raise  it  must  be  greater,  or  both  of 
these  must  act  together.  A  lower  density  with  the  same  amount 
of  steam  evolved  must  imply  less  water  circulating  with  the 
steam." 

BJechyiiden^s  Experiments, — It  was  known  that  the  late  Mr. 
Blechynden  was  engaged  on  some  experiments  on  circulation  of 
water  in  boilers,  the  results  of  which,  it  was  feared,  would  have 
been  lost  to  the  profession  in  consequence  of  his  untimely  death. 
Happily,  however,  Mr.  Milton,  in  his  paper  on  "  Water-tube 
Boilers  for  Marine  Engines  "  (Min.  Proc.  Inst.  C.  E.,  Vol.  cxxxvii., 
pp.  178-180),  places  on  record  an  account  of  these  experiments 
obtained  from  Mr.  Billetop,  who  carried  out  the  work  for  Mr. 
Blechynden.  Mr.  Milton  says  :  *'  These  trials  are  especially 
valuable  because  they  were  made  upon  a  full-sized  boiler,  not  upon 
models.  The  boiler,  Fig.  115,  had  a  grate  surface  of  37  square 
feet,  and  a  total  heating  surface  of  2,445  square  feet.    Besides  the 

^  On  "  Water-tube  boilers  for  Marine  Engines."  Min.  Proc.  Inst.  C.  E., 
Vol.  cxxxvii.,  p.  167. 
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small  generating  tubes,  which  were  one  inch  in  external  diameter, 
the  upper  and  lower  chambers  were  connected  by  eight  stay-tubes, 
I J  inches  internal  diameter,  which  w^ere  placed  outside  the 
casing,  and  which  could  not  be  shut  off  nor  plugged,  and  also 
by  a  5-inch  internal  diameter  down-pipe  to  each  bottom 
chamber,  these  being  so  arranged  that  they  could  be  shut  off 
when  required.  The  feed-water  could  be  delivered  either  into 
the  upper  chamber,  through  an  ordinary  full-length  perforated 
internal  feed-pipe  entirely  submerged,  or  into  the  two  lower 
chambers,  which  were  also  fitted  with  internal  pipes.  Special 
gauge-glasses  were  fitted,  as  shown  in  Fig.  115,  to  allow  the 
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direction  of  the  current  in  the  outer  rows  of  tubes  to  be 
observed,  and  also  to  show  the  reduction  of  pressure  in  the 
lower  chamber  under  the  different  conditions  of  the  various 
experiments.  So  far  as  feeding  was  concerned  three  distinct 
sets  of  experiments  were  made  :  (i)  with  the  feed  in  the  upper 
chambers  ;  (2)  with  the  feed  in  the  lower  chambers  ;  and  (3) 
with  the  feed  shut  oft"  entirely  ;  the  last  experiments,  however, 
could  be  made  for  short  periods  of  three  minutes  or  four 
minutes  only. 

'*  When  the  feed  is  delivered  into  tlie  upper  chamber  it  mixes 
with  the  water  there,  which  is  at  the  boiling  point,  and  comes 
into  contact  with  some  of  the  steam  generated,  so  that  before  it 
reaches  the  down-coming  tubes  its  temperature  will  be  raised 
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considerably,  possibly  to  nearly  the  boiling  point.  If  any  of 
the  generating  tubes  act  as  down-comers,  the  water  in  them  will 
be  further  heated  on  its  way  to  the  bottom  chamber,  so  that  the 
temperature  of  the  water  in  the  bottom  chambers  may  be  nearly 
that  of  the  boiling  point.  When,  however,  the  feed  enters  the 
lower  chambers  direct,  the  water  in  them  will  be  of  considerably 
lower  temperature  than  boiling  point.  If  the  feed  is  shut  off 
for  a  few  minutes  all  the  water  in  the  boiler  will  be  raised  to  the 
boiling  point.  If  the  water  first  entering  the  up-tubes  is  at 
boiling  point  steam  bubbles  will  be  formed  in  these  tubes  along 
their  whole  length,  whereas  if  the  water  enters  at  a  less  tem- 
perature, the  first  part  of  the  length  of  the  tubes  will  be  occupied 
in  raising  the  temperature  of  the  water  to  boiling  point,  and 
only  in  that  part  of  the  tube  above  this  will  bubbles  be  formed. 
The  average  density  of  water  in  the  up-tube  will  therefore  be 
greater  when  the  feed  is  placed  in  the  lower  chambers,  and 
there  will  be  less  reduction  of  pressure  in  the  lower  chambers. 
Another  way  of  considering  the  matter  is  that  when  the  feed 
enters  the  lower  chambers  all  the  steam  produced  in  the  tubes 
is  available  for  the  engine  ;  while  when  it  enters  the  upper 
chamber,  some  part  of  the  steam  made  in  the  tubes  is  employed 
in  heating  the  feed- water  nearly  up  to  the  boiling  point.  In  the 
latter  case,  therefore,  with  the  feed  in  the  upper  chamber,  if  the 
output  of  the  boiler  is  the  siime  there  will  be  more  steam,  and, 
consequently,  relatively  less  water  in  the  generating  tubes.  This 
will  cause  a  greater  loss  of  pressure  in  the  lower  chamber. 

**  The  actual  results  of  loss  of  pressure  in  this  lower  chamber 
during  a  series  of  experiments  made  with  this  boiler  are  shown 
in  Fig.  116.  Curve  No.  i  gives  the  results  of  four  experiments 
made  at  different  rates  of  evaporation  with  the  special  down- 
pipes  open,  and  the  feed  entering  at  the  bottom.  No.  2  gives 
the  results  of  two  experiments  under  similar  conditions,  but  with 
the  feed  entering  the  top  chamber,  while  No.  3  gives  the  results 
of  trials  made  with  the  feed  shut  off  for  short  periods.  It  will 
be  seen  that  all  three  curves  are  slightly  convex  downwards,  in 
this  respect  being  similar  to  those  representing  Mr.  Thorny- 
croft^s  results.  The  fall  of  pressure  in  the  lower  chamber,  due 
to  introducing  the  feed  in  the  top  chamber,  is  verj-  marked. 
Cur\'e  No.  4  gives  the  results  of  three  experiments  made  with 
the  special  down-comei*s  shut  off  and  the  feed  entering  at  the 
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top.     The  difference  between  curves  No.  2  and  No.  4  is  there- 
fore due  entirely  to  the  effect  of  the  large  outside  pipes. 

**  In  all  the  experiments  the  gauge-glass  D,  Fig.  115  showed 
that  in  the  wall-tubes  the  current  was  downwards  when  the  water 
level  was  above  their  upper  ends.  It  was  also  always  downwards 
in  the.  glass  C  in  all  three  experiments  without  the  outside  large 
tubes,  and  in  the  other  experiments  it  was  generally  downwards 
also,  as  only  on  one  or  two  occasions  was  the  current  observed 
to  be  reversed.  When  the  outside  tubes  were  shut  off  and  the 
boiler  was  much  forced  for  a  few  minutes,  the  feed  entering  the 
top  and  the  water  maintained  at  the  ordinary  level  in  the 
ordinary  gauge-glass,  the  water  in  gauge-glass  B  fell  out  of  sight 
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altogether,  and  an  accumulation  of  steam  was  formed  in  the 
lower  chamber.  This  was  demonstrated  by  opening  a  cock 
fitted  to  the  chamber,  but  it  is  needless  to  state  that  this  experi- 
ment was  not  continued  very  long.'' 

Mr.  Milton  remarks  that  "  there  is  difference  of  opinion  as  to 
the  advantage  or  necessity  of  a  high  speed  of  circulation  of  the 
water  in  a  water-tube  boiler  ;  but  that  it  is  agreed  that  the 
inner  surfaces  of  the  tubes  sliould  always  be  kept  wet  to  prevent 
overheating,  so  that  a  considerable  proportion  of  water  should 
always  be  in  them  and  not  steam  alone,  especially  in  those  tubes 
exposed  to  the  fiercest  action  of  the  fire."  Mr.  Blechynden's 
experiment  of  forcing  the  boiler,  without  the  large  down-tubes, 
showed  that  **  at   very   high   rates   of   evaporation   there  is  a 
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possibility  of  all  the  water  being  driven  out  of  some  of  the  tubes, 
but  it  will  require  much  greater  forcing  to  do  this  when  large 
down-tubes  are  fitted  or  when  the  feed  is  entered  into  the  lower 
chambers."  In  actual  trials  at  sea  with  the  Blechynden  type 
of  boilers,  "  at  high  powers  there  was  a  considerable  amount  of 
priming  when  the  feed  was  entered  in  the  upper  chamber. 
After  the  feed  pipes  were  altered  to  enter  the  lower  chambers, 
there  was  no  further  trouble  in  this  respect." 

Appliances  for  Measuring  Circulation. — No  satisfactory  appli- 
ances for  the  measurement  of  the  quantity  of  water  circulating  in 
given  time,  or  for  indicating  the  velocity  of  the  water  circulating 
under  the  action  of  the  natural  process  of  boiling,  have  as  yet 
been  introduced.  Mr.  Thorny  croft's  method  has  just  been  re- 
ferred to.  Another  was  introduced  in  1881  by  Mr.  Thielmann.* 
This  consisted  of  a  fan  or  propeller  wheel  fixed  in  the  rear  circu- 
lating tube  or  down-comer  of  a  Steinmiiller  form  of  boiler.  The 
relative  dimensions  of  down-comer  and  propeller  are  unfortunately 
not  given,  but  it  is  stated  that  under  test  the  propeller  for  each 
100  revolutions  passed  40  litres  of  water.  When  the  boiler  was 
under  steam,  the  propeller  revolved  at  the  rate  of  from  380  to 
420  revolutions  per  minute,  showing  that  from  152  to  168  litres* 
of  water  were  passing  through  it  per  minute.  This  was  equal  to 
from  7*5  to  84  litres  per  square  metre  of  heating  surface.  The 
actual  evaporation  of  the  boiler  was  20  kilos'  per  hour  per 
square  metre  of  surface,  which  amounted  to  about  45  per  cent, 
of  the  water  circulated.  The  total  quantity  of  water  contained 
in  the  boiler  was  450  Htres,  which  quantity  was  circulated  every 
three  minutes.*  This  is  a  very  interesting  method  of  observing 
the  circulation,  but  it  is  evident  that  it  demands  that  no  water 
shall  descend  by  any  other  passage  than  the  appointed  down- 
comer.  It  has  also  the  disadvantage  that  the  propeller  cannot 
be  put  out  of  action  except  by  removing  it  from  the  boiler,  which 
necessitates  the  opening  up  of  the  boiler.  To  be  thoroughly 
serviceable  such  apparatus  should  be  capable  of  being  rapidly 

*  "  Handbuch  iiber  Vollslandige  Dampfkessel  Anlangen."  See  Mr.  G.  W. 
Thode's  remarks  in  Trans.  Inst.  Eng.  and  Shipbuilders  in  Scotland,  Vol.  xli., 
p.  142. 

*  I  litre  =  220  Ibs.of  water  at  62^  K.,  or  220  of  a  gallon. 
'  I  kilogramme  =  22046  lbs. 

*  Mr.  G.  \V.  Thode  was  kind  enough  to  turnish  the  aut.ior  with  tliis 
information. 
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connected  with  and  disconnected  from  the  interior  of  the  boiler, 
and  should  introduce  the  minimum  of  parts  or  obstructions 
there. 

The  gauge-glass  system  for  indicating  the  difference  of. 
pressure  between  the  top  and  bottom  chambers  of  a  boiler 
would,  if  it  could  be  relied  upon,  answer  these  requirements  in 
a  satisfactory  way.  But  neither  in  the  form  in  which  Mr. 
Thornycroft  introduced  it  in  the  experiments  referred  to,  nor  in 
the  modification  shown  by  Professor  Watkinson  is  it  sufficiently 
free  from  probable  error. 

The  latter  was  illustrated  and  explained  to  the  Institution  of 
Engineers  and  Shipbuilders  in  Scotland  *  as  follows  :  '*  This 
was  shown  in  Fig.  117,  and  consisted  of  an  upjier  and  a  lower 
drum  connected  by  one  down-comer  a  b  and  one  up-comer  c  d  e. 
Open-topped  gauge-columns  g  and  g^ ,  were  fixed  to  the  upper 
and  lower  drums  respectively.  The  column  g  showed  the  level 
of  the  water  in  the  upper  drum,  and  column  g^  measured  the 
pressure  in  the  lower  drum.  When  circulation  was  set  up  by 
applying  heat  to  the  up-comer,  or  by  admitting  air  to  the  lower 
end  of  the  up-comer,  the  surface  of  the  water  in  the  column  g^ 
would  fall,  and  it  was  evident  that  the  difference  between  the 
levels  of  the  water  in  the  two  gauge-columns  was  the  head 
available  for  circulation  if  the  temperature  in  the  columns  had 
been  maintained  the  same.  If  the  temperature  of  the  water  in 
the  columns  had  not  been  maintained  the  same,  then  a  correction 
had,  of  course,  to  be  made  on  that  account.  As  the  corrected 
difference  of  levels  was  the  head  available  for  circulation,  the 
velocity  of  flow  through  the  down-comer  was  proportional  to  the 
square  root  of  the  corrected  difference  of  level.  The  mass  of 
water  that   flowed   through   the  down-comer   per  second  was 

=  n/  2^A  X  A  X  C  X  M  lbs. 
h  being  the  corrected  difference  of  levels  in  feet. 
A  being  the  area  of  the  down-comer  in  square  feet. 
C  being  the  coefficient  of  discharge  for  the  pipe. 
M  being  the  mass  of  i  cubic  foot  of  water  in  lbs. 

In  the  experiments  which  he  (Professor  Watkinson)  had  made, 
in  order  to  eHminate  possible  errors  in  the  determinations  of  A, 

'  Transactions,  Vol,  xli.,  pp.  250-252.  See  also  Trans.  Inst.  X.  A.,  Vol.xxxvii., 
pi.  xlviii,,  Fig.  7. 
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M,  and  C,  he  had  disconnected  the  up-comer  d  e,  plugged  the 
hole  e,  and  then  syphoned  hot  water   into   the   upper   drum, 


FIG.  117.— WATKINSON'S  EXPERIMENTS  ON  CIRCULATION. 

allowing  it  to  flow  out  of  an  adjustable  orifice  at  d.  By  adjust- 
ing the  size  of  the  orifice  at  dj  it  was  possible  to  reproduce  any 
deflection  of  the  gauge-column  g^  which  had  been  obtained  in 
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the  ordinary  experimcuts.  By  proceeding  in  this  way,  and 
weighing  the  water  which  flowed  out  at  d,  he  had  been  able  to 
determine  very  accurately  the  mass  of  water  flowing  through 
the  down-comer  per  second,  for  different  deflections  in  the 
gauge-column  g\  In  that  way  he  had  found  that  the  ratio  of 
the  mass  of  water  circulating  per  second,  to  the  mass  evaporated 
per  second,  varied  in  the  model,  at  the  usual  ratio  of  working, 

from  about  ^  to  about -^^  according  to  the  size  of  the  down- 
II 

comer  used.  When  the  latter  value  was  obtained,  the  area  of 
the  down-comer  was  approximately  equal  to  the  area  of  the 
up-comer.  He  had  also  used  the  same  model  in  order  to 
determine  whether  there  was  any  gain  in  the  velocity  of  the 
circulating  water  due  to  discharging  that  water  above  the  water 
level  into  the  upper  drum,  ...  He  had  found  that  when 
the  usual  ratio  of  area  of  up-cumer  to  area  of  down-comer  was 
adopted  there  appeared  to  be  a  gain  of  3  or  4  per  cent,  in 
favour  of  the  above-water  discharge." 

Defects  in  Wutkinson^s  Apparatus,  —  "Open-topped  gauge- 
columns  "  are,  of  course,  applicable  only  to  boiler  models  or 
boilers  worked  at  atmospheric  pressure,  but  even  for  such 
applications  it  is  notat  all  certain  that  as  registers  of  "  pressure," 
or  more  properly  of  hydrostatic  head,  they  would  always  give 
indications  which  could  be  relied  upon.  If,  for  instance,  the 
area  of  the  discharge  orifice  were  greater  than  that  of  the 
down-comer,  the  level  of  water  in  the  gauge-glass  g^  connected 
with  the  bottom  chamber  would  necessarily  fall,  and  that  gauge- 
glass  might  even  be  almost  empty,  but  that  would  result  from 
inadequacy  of  supply  to  the  bottom  chamber.  Where  that 
chamber  had,  however,  a  sufficient  capacity  such  a  result  would 
be  prevented.  In  fact  it  is  apparent  that  the  capacity  of  that 
chamber  must  exercise  the  greatest  influence  on  the  indications 
of  the  said  gauge.  Professor  Watkinson  admitted  that  the  area  of 
the  down-comer  exerts  a  decided  influence  on  the  result,  so  that 
the  more  that  area  is  diminished  from  equality  with  that  of  the 
up-comer  the  smaller  is  the  velocity  of  circulation.  But  as  the 
experiment  with  the  plugged  up-comer  and  the  water  flowing 
out  at  d  (simply  by  gravity)  shows,  the  gauge-glasses  can  at  the 
best  indicate  only  the  rate  at  which  the  water  descends^  so  that 
we  might  readily  have  a  case  in  which  more  water  was  being 
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carried  up  by  ebullition  than  was  able  to  flow  down  by  the 
down-comer  in  a  given  time,  and  hence  the  gauge-glasses  would 
give  a  false  indication  of  the  condition  of  circulation  where  such 
elements  were  present. 

Theory  of  the  Piezometer. — There  does  not  seem  to  be  any  good 
reason  why  the  velocity  should  not  be  directly  measured  in 
relation  to  the  pressure  which  is  due  to  the  motion  of  the  water. 
It  is  well  known  that  the  hydrostatic  pressure  in  a  pipe  con- 
taining still  water  can  be  shown  by,  inserting  an  open  tube  of 
any  shape  in  the  pipe.  The  water  rises  in  the  tube  to  a 
height  A,  whence  the  pressure  is  known  to  be  P  =  wh  lbs.* 

If,  however,  the  water  is  flowing  with  a  velocity  V  in  the 
direction  of  the  arrow,  and  two  tubes  shaped  respectively  as 
A  B  and  C  D  in  Fig.  118  are  inserted  in  the  pipe,  then  there  will 
be  a  difference  of  level  in  these  tubes,  that 
in  A  B  being  lower  than  C  D.  The  difference 
of  level  between  C  and  A  has  been  found  to 

V 

be  — -    (feet)  but  "  the  real  pressure  in  the 

pipe   is   shown  by  the  tube  A  B,  and  the 

extra  height  of  the  column  in  C  D  is  due  to 
^^-— —  -'^—"-ir       the  fact  of  the  still  water  in  C  D  at  its  open 

end  stopping  the  flow  of  the  water  which 
FIG.  118.  meets  it,  just  as  the  hand  held   still  in  a 

running  stream  stops  some  water,  and  hence 
a  pressure  is  felt.  If  there  were  no  loss  of  head,  C  would 
be  then  on  the  same  level  as  the  water  surface  of  the  reservoir. 
The  tube  A  B  is  called  a  piezometer,  and  we  must  always  be 
careful  to  see  that  it  is  quite  parallel  to  the  direction  of  flow."  * 

*  P  ^  pressure  per  sq.  foot  due  to  head. 
w  =  weight  of  I  cubic  foot  of  water  in  lbs. 
h  =  height  in  feet  [i.e.  "  head  "). 
P  =  wh  lbs. 
I  cubic  foot  of  fresh  water  weighs  62"5  lbs. 
I  cubic  foot  of  sea  water  weighs  64  lbs. 
Thus  a  head  of  i  ft.  of  fresh  water  ^  62'5  lbs.  per  square  foot. 

^  —  lbs.  per  square  inch. 
23 

I  ft.  of  sea  water  = lbs.  per  square  inch. 

225 
I  inch  of  mercury  ^  •4q  lb.  per  sq.  inch . 

*  Cotlerill  and  Slade,  "  Lessons  in  Applied  Mechanics,"  p.  475.  London, 
Macmillan,  1891. 
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Torricelli's  Theorem.  —  Professor  Greenhill  remarks  in  his 
"  Treatise  on  Hydrostatics  "  that,  "  the  velocity  v  of  discharge  of 
water  from  a  small  orifice  a  depth  h  below  the  free  surface  was 
given  by  Torricelli  (1643)  as  the  velocity  v  acquired  in  falling 
from  the  level  of  the  free  surface,  so  that 

\  v'^gh,  or  r=  y/(2gh) 
and  V  is  then  called  the  velocity,  due  to  the  head  h.    This  is 
argued  by  asserting  that  the  hydrostatic  energy  of  the  water  Dh 
foot-lbs.  per  cubic  foot,  of  h  foot-lbs.  per  lb.,  becomes  converted, 
on  opening  the  orifice,  into  the  kinetic  energy 

i  Di^ Ig  ft.-lb./ft.",  or  ^  i^lg  ft.-lb./lb. 

Bernoulli's   Theorem.  —  In    Bernoulli's  Theorem   the  gradual 

interchange  of  the  energies  due  to  pressure,  head  and  velocity  in 

a  stream  line  filament  in  the  interior  of  the  liquid,  or  in  a  smooth 

pipe  of  gradually  varying  section,  is  expressed  by  the  equation — 

p  +  Dx  +  ^  D»*=DA,  a  constant, 

i>  r*     , 

or  ^  +;ir+  ^  =A,  a  constant, 
D  ^g 

when  p  denotes  the  pressure,  D  the  density,  v  the  velocity, 
and  X  the  height  above  a  fixed  horizontal  plane.  Thus,  with 
British  units,  the  total  constant  energy  DA  along  a  stream  line 
is  in  foot- lbs.  per  cubic  foot,  and  composed  of  p  due  to  the  pres- 
sure, Djt  to  the  head,  and  -* — ^  due  to  the  velocity ;  or  in  foot- 
lbs,  per  lb.  the  energy  or  head  h  is  composed  of  -/   due   to   the 

pressure,  x  to  the  head,  and  \  i^jg  to  the  velocity. 

"  Bernoulli's  Theorem  is  illustrated  experimentally  in  Fig.  119 
by  an  apparatus  devised  by  Froude  *  ;  a  tube  of  varying  section 
carries  a  current  of  water  between  two  cisterns  filled  with  water 
to  nearly  the  same  level,  and  the  pressure  is  measured  by  the 
height  of  water  in  small  vertical  glass  tubes  Q2X[td  piezometer* 

^  British  Association  Reports,  1875. 

*  For  piezometers  consult  Proc .  American  Academy  of  Arts  and  Sciences  ; 
"  Experiments  upon  Piezometers  used  in  Hydraulic  Investigations,"  by  Hiram 
F.  Mills,  Civil  Engineer,  Vol.  xiv.,  page  26  ;  Min.  Proc.  Inst.  C.  E.  Ixi.  408. 
See  also  "Experimental  Investigation  of  the  Theory  of  the  Pilot  Tube,"  etc ., 
by  A.  Katcau,  l*rof.  at  the  School  ai  Mines,  St.  Etienne,  Annates  des  Mines, 
1898,  series  9,  Vol.  xiii..  p.  331  ;  also  Trans,  of  the  Inst,  of  Mining  Engineers, 
Vol.  xvii.  p.  124. 
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tubes  ;  and  it  is  found,  in  accordance  with  Bernoulli's  Theorem, 
that  the  water  stands  higher  where  the  cross  section  of  the 
current  is  greater,  and  the  velocity  consequently  less."  This  is 
a  possible  explanation  of  the  differences  of  level  in  the  gauge- 
glasses  in  Mr.  Thornycroft's  experiments,  though  it  is  difficult  to 
see  how  these  columns  form  true  piezometers.  **  If  the  velocity 
at  the  throat  E  is  that  given  by  Torricelli's  Theorem,  the  pres- 
sure there  is  reduced  to  atmospheric  pressure,  and  the  tube  can 
be  removed  in  the  neighbourhood  of  E,  as  at  the  throat  of  an 
injector  jet.  At  M  the  cross  section  is  less  than  at  E  and  the 
pressure  is  below  atmospheric  pressure,  so  that  water  will  be 
drawn  up  in  a  curved  piezometer  tube,  like  a  syphon.  By 
the  observation  of  the  heights  in  piezometer,  at  L  and  N  as  well, 
the  velocity  of  flow  can  be  inferred,  knowing  the  cross  section 
of  the  current." 

A  very  simple  explanation  of  this  last  point  is  given  in 
Cotterilt  and  Slade's  *'  Applied  Mechanics."  Taking  the  case  of 
a  pipe,  shown  in  Fig.  120,  the  section  of  which  varies  gradually, 
tubes  A  B,  C  D,  A^  B*  and  C^  D*  are  placed  in  it,  and  by  means 
of  these  the  changes  of  velocity  and  pressure,  which  take  place 
on  account  of  the  sectional  area  not  being  constant,  are  shown, 
although  the  whole  pipe  is  subject  to  the  same  "  head." 

"  Let  V  =  velocity  at  B  D,  V»  =  velocity  at  B»  D» 

A  =  sectional  area  at  B  D,  A^  =  sectional  area  at  B*  D* 

Then  the  most  plainly  evident  thing,  perhaps,  that  we  know 
about  the  flow  is  that  exactly  as  much  water  must  flow  past 
B  in  one  second  as  flows  past  D  in  the  same  time,  and  hence 

VA  =  V^AS 

so  that  if  we  know  the  velocity  at  any  one  point  of  a  given  pipe, 
we  can  at  once  determine  it  for  any  point  whatever. 

Next  C  and  C*,  being  both  on  the  level  of  the  water  surface  in 

the  reservoir,  are  both  on  the  same  level.       But  A  is  feet 

2  g 

below  C,  while  A*  is  only  JL^  feet  below  C*  :  whence  it  follows 

a^ 
that  A*  is  (V*— V'*)/-?^feet  above  A,  and  the  pressure  at  B\ 
which  would  in  still  water  be  greater  than  at  B  by  an  amount 
z;^  5— supposing  B'  to  be  z  fuet  below  B,  i,e,^  tliQ  head  over  B*"  2 


THE  MODERN  STEAM  BOILEF^ 


255 


\n    B«il«r. 


« 


F.J.ROWAN'S  PIEZOMETER 
CIRCULATION     CUAGE 


^56  THK  practical  PHYSICS  OF' 

feet  more  than  over  B — is  now  still  further  increased  by  the 
pressure  due  to  (V — V'*)/2^  feet  of  head. 

"  If  the  pipe  be  level,  then  z  vanishes,  and  we  see  that  in  a  level 
pipe  the  pressure  increases  as  the  velocity  diminishes,  i.e.  as  the 
sectional  area  increases.  This  result  appeare  at  first  sight  strange, 
and  is  often  disputed  by  persons  not  propeily  acquainted  with 
the  elements  of  the  subject.  The  objection  is,  of  course,  based 
on  a  misapprehension,  being  usually  put  something  in  this  form  : 
In  the  small  part  of  the  pipe  the  water  must  be  more  crowded 
together,  and  hence  the  pressure  must  be  greater.  The  idea 
present  here  is  plainly  that  of  a  crowd  of  people  moving 
through  a  narrow  passage  between  broader  spaces,  and  where 
the  analogy  fails  is  in  the  fact  that  the  velocity  does  not  increase 
through  the  narrow  part ;  those  behind  actively  push,  which  we 
must  remember  a  particle  of  water  cannot  do,  and  thus  prevent 
those  in  the  narrow  part  from  moving  at  a  rapid  rate." 

Now,  although  all  these  illustrations  and  arguments  are  con- 
cerned only  with  open-topped  pipes  at  atmospheric  pressure, 
yet  there  seems  to  be  no  reason  why  the  same  action  should  not 
take  place  where  both  the  tubes  are  subjected  to  the  same  steam 
pressure. 

Rowan^s  Velocity  Gauge. — Fig.  121  shows  an  instrument 
devised  by  the  author)  by  which  the  velocity  of  the  current  of 
water  in  the  part  to  which  the  tubes  are  attached  may  at  any- 
time be  read  off. 

It  is  founded  on  a  direct  application  of  the  theory  of  the  piezo- 
meter to  the  problem  in  hand.  Between  the  gauge-glasses  con- 
nected with  the  piezometer  tubes,  which  have  a  common 
connection  above  to  the  steam  space,  there  is  a  movable  scale, 
divided  into  inches  and  parts  of  an  inch  on  one  side,  with  the 
corresponding  velocities  inserted  opposite  these  figures  worked 
out  according  to  the  formula,  v  =  y/  2gh.  The  quantity  of 
water  flowing  per  second  can  readily  be  ascertained  from  this 
when  the  sectional  area  of  the  tube  or  passage  with  which  the 
gauge  is  connected  is  known. 

M.  Chasseloup-LauhaV s  Calculations. — M.  L.  de  Chasseloup- 
Laubat  published  an  examination  of  the  principles  of  circulation 
in  as  far  as  they  applied  to  water-tube  boilers,  of  what  he  termed 
"  reversible  *'  and  '*  non -reversible  "  cycle  classes,  in  which  the 
movement  of  the  water  was  that  which  was  produced  by  the 
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natural  action  of  boiling.  The  following  summar>^  of  his  ex- 
amination of  the  subject  was  communicated  by  its  author  to  the 
Institution  of  Engineers  and  Shipbuilders  in  Scotland  : — 

(i)  **  In  a  liquid  of  known  scientific  weight,  a  bubble  of  steam 
of  known  specific  weight  and  volume,  occupying  a  position 
situated  at  a  known  distance  from  the  free  surface  of  the  liquid, 
corresponds  to  a  determined  potential  energ>\ 

(2)  "  The  yield  of  this  potential  energy  in  circulating  work 
when  the  bubble  rises  to  the  surface — i.e.y  the  useful  work  (from 
the  point  of  view  of  circulation)  resulting  from  the  transforma- 
tion of  this  potential  energy — is  not  constant.  It  is,  on  the 
contrary,  variable.  It  is  equal  to  the  theoretic  work  multiplied 
by  a  coefficient  varying  between  o  and  i.  This  coefficient  is 
itself  given  by  a  very  complex  function  of  numerous  elements, 
such  as  absolute  diameter  of  the  tubes,  absolute  diameter  of  the 
bubbles,  quality  of  the  water,  intensity  of  the  heating,  etc.  I 
have  only  been  able  to  show  the  existence  of  this  complex 
function  without  managing  to  determine  the  relative  value  of  its 
constituent  elements. 

(3)  "  I  have  divided  the  water-tube  generators  into  two 
principal  classes,  which  I  have  termed  *  reversible  *  cycle  and 
*  non-reversible  '  cycle,  according  as  the  tubes  heated  have  their 
outlet  below  or  above  the  free  surface  of  the  water  in  the  upper 
collector. 

(4)  **  I  have  shown  that  for  the  reversible  cycles  the  normal 
circulation  was  always  continuous,  whilst  for  the  non-reversible 
cycles  it  was  generally  pulsatory. 

(5)  "I  have  shown  that,  leaving  out  of  account  the  friction  and 
supposing  the  case  of  plug  bubbles  almost  completely  closing 
the  tube,  the  maximum  weight  of  fluid — steam  and  water — 
discharged  in  given  time  per  unit  of  section  of  heated  tube  was 
attained.  That  is  a  new  argument  in  favour  of  the  use  of  very 
high  working  pressures,  and  a  means  of  calculating  the  maximum 
of  specific  heating  compatible  w4th  the  security  of  the  apparatus. 
If  this  maximum  volume  of  steam  be  exceeded  in  ths  tube 
heated,  the  circulation  may  become  irregular  and  pulsatory  and 
diminish  in  intensity,  in  which  case  the  apparatus  may  be 
endangered. 

(6)  "  For  the  non-reversible  cycles,  theory  and  experiments 
together   show    that   continuous   circulation     can    liardly   exist 
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except  with  certain  qualities  of  water — brackish,  for  example — 
which  facilitate  the  formation  of  a  sort  ot  emulsion  or  intimate 
mixture  of  water  with  a  very  great  number  of  very  persistent 
little  bubbles.  More  generally,  with  ordinary-  water,  the  circula- 
tion is  pulsatory — that  is,  it  is  effected  by  alternate  discharges 
of  plugs  of  water  and  of  steam,  or,  more  correctly,  by  plugs  of 
steam  separated  by  a  mixture  of  water  and  steam.  In  this  case 
I  have  not  been  able  to  calculate  the  maximum  of  circulation. 

(7)  *'  The  conclusion  is,  that  (n)  the  first  cause  of  all  circulation 
is  evidently  the  potential  energy  of  gravity,  resulting  from  the 
formatit)n  of  bubbles  of  steam  in  the  midst  of  the  liquid  mass. 
(/))  The  rule  of  mean  specific  weights — which  evidently  gives 
the  work  available  to  produce  the  circulation — does  not  give  the 
effective  work  which  produces  this  circulation.  The  second  is 
equal  to  the  first,  multiplied  by  a  coefficient  varying  between 
o  and  I.  It  is  this  wliich  explains  why,  in  certain  water-tube 
apparatus  of  faulty  construction,  the  general  circulation  is  almost 
nil,  all  the  available  work  being  absorbed  by  local  eddies  and 
not  by  general  circulation. 

"This  part  of  my  theory  has  lately  received  an  important 
experimental  conlinnation.  M.  Bellens,  whose  studies  upon 
circulation  are  well  known,  has  published  in  the  Revue  Technique 
of  January  loth  and  25th  and  February  25th,  of  1898,  three 
articles  in  which  are  given  the  results  of  a  great  number  of 
experiments  made  with  vertical  glass  tubes  in  which  circulation 
was  produced  by  the  ascension  of  air  bubbles.  In  the  conditions 
which  I  have  stated,  the  maximum  discharge  of  water  always 
took  place  when  the  volume  of  air  was  practically  equal  to  the 
volume  of  water.  M.  Bellens  found  only  about  10  per  cent, 
difference  between  the  results  of  theory  and  practice. 

**  As  I  have  stated  in  the  IhiUclin  dcs  Ingenieurs  Civils  de  France 
(of  April,  1897),  if  we  call  Q  the  maximum  weight  of  w^atei — 
calculated  by  the  formula  I  have  given — which  a  tube  is  capable 
of  discharging  during  unit  of  time,  T  the  temperature  of  the 
steam,  and  X,  the  total  number  of  caloric  units  received  by  the 
tube  during  the  same  unit  of  time,  there  will  be  a  serious  danger 
each  time  that 

N,>Q  (606-5— 0695  T). 
"  This  shows  for  reversible  cycles,  that  is  to  say  for  the  majority 
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of  boilers,  a  maximum  of  specific  working  beyond  which,  con- 
trary to  the  general  opinion,  things  no  more  adjust  themselves. 
The  specific  discharge  diminishes  ;  the  column  of  mixed  \v«iter 
and  steam  travels  slower  and  slower  ;  the  circulation  becomes 
pulsatory  ;  long  plug  bubbles  drive  the  water  completely  out  of 
the  heated  tube  through  both  ends  at  once  ;  and  linally  the  tube 
melts  and  bursts." 

It  is  to  be  remarked,  however,  that  M.  Chasseloup-Laubat's 
calculations  are  occupied  almost  entirely  with  boilers  composed 
of  small  water-tubes,  so  that  his  maximum  amount  of  circulation 
is  obtained  v^hen  the  steam  bubbles  form  plugs  or  pistons  which 
occupy  the  full  section  of  the  water-tube,  but  do  not  extend 
along  the  tube  farther  than  to  allow  of  a  rapid  succession  of 
alternate  water  plugs  of  the  same  dimensions. 

Larger  quantities  of  steam  do  not  increase  the  amount  of  water 
carried  along  through  the  tubes,  but,  on  the  contrary,  diminish 
it,  and  produce  the  action  described  by  Mr.  Thornycroft'  as 
incidental  to  ordinary  circulation. 

With  tubes  of  larger  diameter  the  formation  of  these  plugs 
would  not  readily,  if  at  all,  take  place,  and  hence  the  cjilcula- 
tions  do  not  wholly  apply  to  them. 

Moreover,  the  speed  of  circulation  hitherto  attained  in  any 
water-tube  boiler  is  evidently  insufficient  for  complete  transmis- 
sion of  the  heat,  as  evaporative  results  prove.  It  is  only  in  a 
rare  experiment  that  the  results  obtained  in  Thornycroft  boilers 
have  been  surpassed,  and  these  results  show  a  velocity  of  circula- 
tion only  sufiicient  for  an  evaporation  of  20  lbs.  of  water  per 
square  foot  of  heating  surface  per  hour — at  any  rate,  in 
combination  with  the  velocity  then  given  to  the  gases.  The  same 
may  be  said  of  the  boilers  of  M.  Niclausse  and  M.  Xormand, 
although  it  is  clear  from  his  papers  *'  On  the  Economy  of  Fuel 
in  very  Fast  Vessels  "  and  "  On  Water-tube  Boilers,*'  -  that  the 
latter  appreciated  tasome  extent  the  importance  of  rapid  motion. 
Either,  therefore,  the  velocity  attainable  by  natural  circulation  is 
insufficient,  or  the  circulation  is  not  constant  and  steady  enough 
for  the  best  result.  It  is  necessary  to  repeat  that  the  important 
question  is  not,  What  is  the  speed  actually  attained  in  any  indi- 
vidual boiler  ?  but  is.  What  is  the  best  speed  for  the  water  in  view 

*  Min.  Proc.  Inst.  C.  K.,  Vol.  xcix.,  p.  46. 

*  Trans.  Inst.  N.  A.,  Vol.  xx.Kvii.,  p.  ihi;  ;  Vol.  xxxvi. 
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of  heat  transmission  ?  and  this  being  known,  what  are  the  best 
means,  consistent  with  the  other  elements  of  the  problem,  of 
producing  this  movement  ? 

Forced  Cinuhition. — It  seems  to  be  certain  that  mechanical 
means  must  be  introduced  in  order  to  ensure  a  greater  velocity 
of  circulation  and  a  more  constant  movement  of  the  water  than 
that  which  is  due  to  the  natural  action  of  boiling.  Under  such 
altered  circumstances,  of  course,  such  Calculations  as  those  of 
M.  Chasseloup-Laubat  become  inapplicable.  Various  devices 
have  already  been  introduced  at  different  times  with  the  object 
of  securing  regularity  in  the  action  and  direction  of  the  circu- 
lating currents,  but  none  as  yet  for  the  purpose  of  obtaining 
greater  speed. 

Artifuial  Cinulation. — The  circulation  resulting  from  the  use 
of  these  devices  has  been  termed  artifuial  circnlation  in  contra- 
distinction to  that  which  is  due  to  the  natural  process  of  boiling, 
and  it  must  be  further  distinguished  clearly  from  forced  or 
accelerated  circulation  such  as  is  here  proposed. 

The  difference  between  these  methods  {i.c.j  natural  and  forced 
circulation)  has  already  been  emphasised  in  connection  with  the 
subject  of  heating  by  hot  water  by  Mr.  W.  Anderson,'  who 
remarked  :  **  When  the  water  circulates  through  the  pipes  by 
virtue  of  the  difference  of  temperature  of  the  flow  and  return 
currents  only,  it  is  impossible  to  count  on  a  greater  mean 
temperature  of  the  pipes  than  from  i6o°  to  i8o°.  When  forced 
circulation  is  adopted — as  w^hen  the  w^ater  is  propelled  by  a 
centrifugal  pump  and  is  under  a  pressure  of  about  70  feet — a 
much  higher  temperature  can  be  attained.'*  In  this  case  the 
increase  of  temperature  may  be  partly  due  to  the  higher  pres- 
sure in  the  pipes,  but  the  improved  result  is  no  doubt  also  owing 
to  the  more  rapid  movement  of  the  water  produced  by  the 
pump. 

Mr.  J.  G.  Hudson  remarked  (in  the  Engineer^  Vol.  Ixx.,  p.  483) 
that — "  Heating  water  below  its  boiling  point  by  steam  is  in 
some  respects  a  parallel  case  to  what  takes  place  in  a  steam 
boiler.  In  each  there  is  on  one  side  of  the  surface  a  medium 
which,  under  normal  conditions,  transfers  heat  with  great 
reluctance  in  comparison  with  the  medium  on  the  opposite  side 
of  the  surface. 

*  Mill.  Proc.  Inst.  C.  E.,  Vol.  xlviii.,  p.  257. 
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"  In  the  steam-heating  apparatus  the  water  is  the  shiggish 
medium,  and  in  the  boiler  it  is  the  hot  gas.  These  resemble 
each  other  in  being  both  very  bad  transmitters  of  heat  by  any 
method  other  than  convection.  In  the  case  of  heating  water  by 
steam,  it  can  be  conclusively  shown  that,  other  things  being 
equal,  the  quantity  of  heat  taken  up  by  the  water  is  almost 
wholly  a  question  of  the  speed  with  which  the  latter  traverses 
the  heating  surface,  the  transmission  increasing  only  somewhat 
less  rapidly  than  the  speed.  So  important  is  this  influence  that 
the  transmission  has  been  found  to  vary  from  as  little  as  20  or 
30  units  per  degree,  where  the  water  was  confined  in  small  tubes 
and  moved  very  slowly,  up  to  nearly  1,000  units,  according  to 
the  speed." 

Amongst  the  more  important  devices  in  use  in  connection 
with  artificial  circulation  are  the  automatic  feeds  of  Yarrow, 
Thornycroft,  Belleville,  and  perhaps  others,  the  automatic  valves 
of  Belleville  and  Solignac,  and  the  *'  Emulseur  "  of  Dubiau.* 

The  same  result,  viz.,  the  regular  feeding  of  the  water  to  the 
evaporating  surface,  was  obtained  w^ith  the  pumps  supplying 
those  boilers,  such  as  the  Boutigny,  Serpollet,  De  Laval,  Simpson 
and  Bodman,  and  others,  which  are  or  were  used  to  flash  small 
successive  "quantities  of  water  wholly  into  steam  without  expend- 
ing heat  in  boiling  and  circulating  a  larger  quantity.  The  boiler 
introduced  by  Mr.  Benson  in  1856  also  had  artificial  or  ''  mecha- 
nical circulation,"  as  it  was  then  called,  and  this  was  perhaps  the 
earliest  plan  in  which  all  the  water  in  circulation  in  a  boiler  was 
passed  through  a  pump.  There  was,  however,  no  thought  of  an 
increased  velocity  of  circulation  in  this  plan,  but  the  boiler  being 
composed  of  several  flattened  spirals,  as  in  the  Belleville  boiler 
of  to-day,  but  composed  of  horizontally  placed  tubes  of  small 
diameter,  the  mechanical  arrangement  was  adopted  to  ensure  a 
steady  movement  of  water  throughout  the  whole  length  of  the 
spirals,  so  that  the  tubes  should  not  be  burned,  in  consequence 
of  shortness  of  water  in  some  parts. 

Forced  Circulation. — There  should  evidently  be  a  development 
of  this  system  carried  out,  by  which,  not  only  will  all  the  water 
in  the  boiler  be  circulated  by  means  of  a  pump,  but  also  the 
water  will  be  propelled  through  the  boiler  passages,  or  over  the 

*  See  note  Sur  les  Chaudieres  a  Emulsion  de  Vapeur,  par  M.  M.  JoulYrct, 
Mem.  et  Comp.  Rend.de  la  Soc.des  Ingenrs.  Civils,  January  7,  1H98,  p.  79. 
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heating  surface,  at  a  greater  speed  than 
that  which  is  due  to  the  natural  action 
of  boihng.  The  expenditure  of  power 
required  for  this  operation  will  be 
trilling,  because  the  same  pressure  being  _ 

on  both  sides  of  the  pump,  the  power  — 
required  will  be  regulated  simply  by 
the  quantity  of  water  set  in  motion, 
its  speed,  and  the  height  to  which  it 
is  forced — some  allowance  being,  of 
course,  made  for  loss  of  power  by 
friction. 

In  addition  to  the  control  of  speed 
of  the  movement  of  water  over  the 
heating  surface  which  this  method  gives, 
it  also  gives  control  of  the  direction  in 
which  the  water  is  caused  to  flow. 
The  results  obtained  with  **  him  " 
evaporating  vessels  show  how  important 
this  may  be. 

Film  Eviiporaliij}l  System. — This  system 
of  evaporating  has  been  tried  in  various 
forms,  and  carried  to  a  very  successful 
issue  in  the  apparatus  of  M.i.  James 
Foster/  who  makes  use  of  the  form 
of  tube  shown  in  Fig.  122.  The 
top  of  each  tube  is  litted  with  a  liquor 
spreader  or  distributor  chamber  with 
bayonet  catch  attachment  to  the  tube. 
This  chamber  has  three  legs  or  ribs 
with  open  spaces  between,  these  legs 
resting  on  the  top  tube  plate  and  the 
him  tube  being  suspended  from  them.  -^— - 
The  liquor  to  be  concentrated  or  boiled 
is  fed  into  these  chambers  and  runs 
down    the    annular    openings    in  each  ^,^.  ^^^ 

of  the  three  legs  or  ribs.  It  is  then 
distributed    or   cHrected  bv  the  shields  and  runs  down  the  inner 


'"Oil    Kvaporation  by  the   Multiple  System,"  also  Trans.   Inst.  E.  and  S., 
Vol.  xli  ,  p.  14 1. 
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surface  of  the  hejiting  tube  in  a  thin  iihn  or  layer.  The 
annulai'  spaces  between  the  shields  and  the  heating  tube  are 
made  larger  at  the  top  than  at  the  lower  end,  because  the 
quantity  of  liquid  becomes  smaller  on  account  of  evaporation 
as  it  descends.  Each  lilm  tube  of  the  usual  length  is  fitted 
with  (ixa  distributing  shields,  and  as  the  liquid  evaporates  the 
vapour  passes  under  these  shields,  through  the  openings  in  the 
film  tube  which  are  there,  and  up  through  the  centre  of  the 
film  tube  to  the  top  chamber.  By  such  means  the  vapour  can 
escape  as  it  is  formed  and  without  priming  water,  whilst 
the  whole  surface  of  the  heating  tube  is  covered  with  liquid,, 
which  does  not  run  down  in  rivulets.  The  usual  length  of  these 
working  tubes  has  been  (in  evaporating  vessels)  4  ft.  2  in.  over 
the  tube  plates,  and  ij  in.  internal  diameter,  the  film  tube 
being  placed  inside  of  each  he«iting  tube.  Although  in  these 
evaporating  vessels  steam  is  used  as  the  heating  medium,  yet 
there  is  no  danger  of  the  heating  tube  being  burned  when 
exposed  to  the  higher  temperature  due  to  the  hot  gases  from 
a  fire.  Not  only  is  ordinary  evaporation  sufficient  to  prevent  such 
overheating,  but  further,  a  result  noted  in  Miss  Bryant's 
experiments  (see  Chap.  IV.,  p.  I85)  shows  that  with  a  thin  film  of 
liquid  the  evaporation  is  quickened  and  the  temperature  of  the 
metal  heating  surface  is  lowered  even  beyond  the  temperature 
found  in  the  same  surface  when  a  larger  quantity  of  water  is  present. 

For  an  adaptation  of  the  film-tube  system  to  boilers,  it  is 
necessary  to  have  forced  circulation,  because  the  water  has  to  be 
continuously  supplied  to  the  main  chamber  at  the  top  of  the 
heating  tubes,  from  which  it  enters  the  various  distributor 
chambers  of  the  tubes.  The  film  tube  is  extended  up  to  an 
upper  division  of  the  main  top  chamber,  which  is  thus  filled 
only  with  steam. 

With  forced  circulation  it  is  possible  to  ensure  that  the 
currents  of  water  and  hot  gases  travel  in  opposite  directions, 
and  although  it  is  possible  also  to  arrange  this  with  natural 
circulation,  yet  the  limit  of  velocity  of  movement  is  soon  reached 
with  that  plan.  In  no  other  way  can  the  velocity  of  circulation 
be  controlled  and  the  direction  and  quantity  maintained  steadily, 
than  by  the  use  of  mechanical  appliances  for  circulation  of  the 
water,  just  as  they  have  been  found  necessary  for  proper  control 
of  the  combustion  and  gases. 
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Critical  Velocity. — A  much  less  speed  is  required  for  water, 
however,  than  is  necessary  where  air  or  gases  have  to  be  moved 
either  for  rapid  combustion  or  heat  transmission.^  Professor 
Osborne  Reynolds*  has  shown  that  it  is  only  at  low  velocities 
and  when  unaffected  by  changes  of  temperature  that  water  flows 
in  straight  stream  lines  parallel  with  the  axis  of  the  pipe.  What 
he  has  called  the  "  critical "  velocity  for  any  pipe,  or  the 
point  at  which  the  water  ceases  to  flow  in  straight  stream  lines, 
is  given  by  the  expression :  — 

^     278  D 

where  D  =  the  diameter  of  the  pipe  in  metres, 
T  =  the  temperature  of  the  water, 

P  =  (14.  •O336T+  0002217*) -» 

V<,  =  the  critical  velocity  in  metres  per  second, 

Mr.  Stanton'  observed  that  in  a  pipe  of  1*39  centimetres 
diameter  the  critical  velocity  in  centimetres  per  second  was 
found  at  about  286  as  maximum. 

The  results  of  Mr.  Stanton's  experiments  showed  that  the  heat 
transmitted  from  metal  (copper)  to  water  was  nearly  propor- 
tional to  the  velocity  of  the  water  ;  but  these  experiments  were 
carried  out  with  small  pipes  and  with  small  temperature  differ- 
ences, and  hence  do  not  afford  very  certain  information  for  our 
special  subject.  The  highest  velocity  experimented  with  seems 
to  have  been  186  centimetres  per  second,  but  in  those  on  the 
eftect  of  variation  of  velocity,  the  values  of  v  used  were  69,  98, 
and  1232  centimetres. 

There  are  several  collateral  actions  connected  with  the  circu- 
lation of  water  in  boilers,  upon  which  forced  or  mechanical 
circulation  must  exert  a  very  decided  influence.  These  are 
priming,  delayed  ebullition,  and  the  heating  of  the  feed  water. 

Priming. — As  to  priming,  whatever  may  be  the  special  condi- 
tions of  the  water,  or  of  the  boiler  surfaces,  which  favour  frothing 
of  the  water,  there  is  no  doubt  that  the  boilers  which,  from  their 
design,  cause  the  projection  of  considerable  quantities  of  water 

>  Sec  Chap.  IV.  more  fully  on  this  point. 

2  Phil.  Trans.,  1884,  pp.  935-982. 

3  Phil.  Trans.,  A.,  1897,  Vol.  cxc,  pp.  67-88. 
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into  the  steam  space,  must  be  very  liable  to  the  presence  of 
priming  water  in  the  steam  which  they  dehver.  Consequently 
if  we  could  by  suitable  arrangements  diminish  this  action,  the 
chances  of  obtaining  dry  steam  would  be  greatly  increased. 
The  use  of  forced  circulation,  combined  with  causing  the 
currents  of  water  and  of  hot  gases  to  travel  in  opposite  direc- 
tions, for  the  carrying  out  of  which  it  furnishes  the  means, 
attains  the  desired  end  by  ensuring  that  the  formation  of  steam 
takes  place  when  it  can  escape  at  once  into  the  steam  space, 
encumbered  by  only  the  minimum  of  water.  In  boilers  which 
have  an  upward  current  of  water  in  the  tubes,  the  maximum 
amount  of  steam  formation  takes  place  at  their  upper  ends,  so 
that  the  steam  does  not,  as  in  other  boilers,  force  along  with  it  a 
large  volume  of  water  up  through  the  whole  length  of  the  tubes. 
In  the  boilers  arranged  for  a  downward  current  of  water  the* 
method  of  exposing  the  w-ater  to  heat  in  films  makes  it  cert<4ifi 
that  the  steam  can  escape  at  once  without  carrying  a  large 
quantity  of  water  with  it.  Nevertheless,  the  point  at  which 
saturated  steam  becomes  perfectly  dry  and  enters  the  condition 
of  steam  gas  is  difficult  to  reach,  so  that  it  is  more  than  likely 
that  all  steam  not  actually  superheated  by  direct  transmission  of 
heat  carries  with  it  more  or  less  vapour  in  a  tinely  cittenuated  con- 
dition. Some  experiments  by  Professor  Osborne  Reynolds^  with 
a  "  wire-drawing  calorimeter  "  apparently  prove  this  aiid  raise  a 
doubt  as  to  w^hether  the  steam  tables  calculated  from  Regnault's 
experiments,  made  presumably  with  dry  saturated  steam,  are 
correct.  The  wire-drawing  calorimeter  is  one  form  of  ingenious 
apparatus  which  has  been  devised  for  obtaining  a  measure  of  the 
percentage  of  moisture  in  steam.  Since  the  methods  proposed 
by  Hirn  and  Joule,  in  which  the  steam  was  weighed,  either 
separately  or  mixed  with  a  known  weight  of  water,  various  steam 
calorimeters  have  been  devised  and  are  used  in  all  steam  boiler 
trials  which  are  carried  to  any  notable  degree  of  accuracy.  Of 
these  the  principal  instruments  are  those  of  Barrus,  Carpenter, 
Rateau  and  Peabody.* 

'  On  "The  Dryness  of  Steam,"  etc.    Manchester  Literary  and  Pliilos.  Soc, 
1896. 

*  See  Professor  Unwinon  "  Determining*  the  Dryness  of  Steam,"  Brit.  Assoc. 
Reports,  and  Proc.  Inst.  Mech.  Eng.,  January,  18^5. 
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Delayed  Ebnllition. — The  phenomena  of  delayed  ebulHtion  and 
of  superlieating  the  water  in  steam  boilers,  although  rare,  are 
recognised  as  of  possible  occurrence  with  w-ater  from  which  the 
air  has  been  removed  by  boiling,  and  which  is  also  free  from 
floating  or  other  impurities.^  But  as  almost  entire  quiescence  is 
a  necessary  condition  to  the  production  of  the  phenomena,  it  is 
apparent  that  the  continued  movement  of  the  water  by  mechanical 
means  must  prevent  any  such  actions  taking  place. 

Heaiiuil  Feed-Water. — Heating  the  feed- water  is  also  made  the 
more  certain  and  easy  by  forced  circulation,  whether  the  feed- 
heaters  are  arranged  to  work  with  the  waste  heat  from  furnace 
gases,  or,  as  many  prefer,  to  be  heated  by  steam  taken  from  the 
exhaust  or  from  some  other  point. 

There  are  in  fact  four  different  methods  of  heating  the  feed- 
water,  viz.,  (i)  heating  by  the  waste  gases  from  the  furnace,  as  in 
GrcCTT*^  fvud  other  *' Economisers "  on  land;  Mr.  E.  Kemp's 
"  Compound  boiler  '*  (referred  to  in  Chap.  IV.),  the  Belleville, 
Yarrow  and  other  arrangements  fur  marine  boilers  ;  (2)  heating 
by  exhaust  steam,  common  to  all  old  forms  of  injection  conden- 
sers and  now  used  for  feed-heating  alone  in  the  forms  used  by 
Bailey,  Wheeler,  Babcock  and  Wilcox  and  others  ;  (3)  heating 
by  steam  after  it  has  been  partially  used  or  expanded,  as  in  such 
arrangements  as  Weir's,  and  others  ;  and  (4)  heating  by  "  live  *' 
steam,  as  in  the  feed-heaters  of  Caird  and  Rayner,  Babcock  and 
Wilcox,  Kirkaldy,  Row  and  others.  There  is  also  another  plan, 
that  of  Morrison's  feed-water  heater,  in  which  steam  from  an 
evaporator  is  admitted  to  and  condenses  amongst  the  feed- 
water.  This  is  apparently  an  indirect  method  of  utilising  the 
heat  of  live  steam.  The  live  steam  is  used  first  to  evaporate 
sea  water,  and  some  of  the  heat  is  recovered  from  the  steam 
thus  formed  and  is  transmitted  to  the  feed-water. 

It  is,  of  course,  plain  that  the  utilisation  of  heat  which  would 
otherwise  go  to  waste,  as  in  plans  i  and  2,  must  be  an  economy  ; 
but  economy  has  also  resulted  from  the  use  of  plans  3  and  4, 
although  the  source  of  it  does  not  lie  so  distinctly  on  the  surface. 
There  seems,  however,  little  reason  to  doubt  that  the  explanation 


'  Sccthc/-://.i:///(rr,  November  26th,  1875,  pp.  377  378;  Prof.  R.  H.Thurston, 
'  Manual  of  Boilers,"  pp.  268,  269  ;  Hirscli,  "  Annales  des  Mines,"  Vol.  v.,  p.  171. 
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of  the  improved  results  obtained  with  these  classes  of  feed- 
heaters  is  to  be  found  in  the  fact  that  an  increased  speed  of 
circulation  of  water  in  the  boiler  has  resulted  from  their  use,* 
causing  the  transmission  of  heat  from  the  hot  gases  to  be  carried 
farther  than  would  otherwise  have  been  the  case.  If  so,  this  is 
an  additional  cirgument  in  favour  of  forced  or  accelerated 
circulation. 

Conditions  to  be  Reached, — In  the  discussion  of  a  paper  on 
"  Water-tube  Boilers ''  by  Mr.  George  Halliday,  Wh.  Sch.  in 
Trans.  Inst.  Marine  Engineers  (April  and  May,  1898),  Vol.  x.^ 
p.  76,  the  author  of  this  work  obser\ed  that  "  the  best  results 
will  probably  be  reached  in  the  future  when  we  have  ascertained 
the  best  rates  of  movement  of  the  water  on  the  one  side  and  of 
the  lire  gases  on  the  other,  for  given  differences  of  temperature. 
Means  will  have  to  be  introduced  also  for  eliminating  the  various 
losses  or  uncertainties  which  belong  to  the  combustion  depart- 
ment of  the  boiler  as  at  present  ananged.  And  it  is  probable 
that,  in  order  to  obtain  the  best  results  in  this  department,  a 
distinct  development  of  combustion  under  high  pressure  will  be 
found  necessary.  All  this  may  issue  in  the  production  of  a 
completely  new  type  of  boiler." 

In  the  following  June,  Professor  Perry,  when  discussing  Mr. 
Halliday's  paper  on  *'  Transmission  of  Heat  through  Plates  from 
Hot  Gases  to  Water  "  (Trans.  Inst.  Engineers  and  Shipbuilders 
in  Scotland,  Vol.  xlii.,  p.  52),  expressed  a  similar  opinion.  He 
said. "  One  small  tube  conveying  hot  gases,  dragged  through  at 
an  enormous  velocity,  and  concentric  tube  conveying  water  in 
the  opposite  direction  at  great  velocity.  They  had  in  that 
combination  a  method  of  giving  up  heat  which  was  fifty  times  as 
great  as  what  occurred  in  an  equal  amount  of  heating  surface  in 
the  best  existing  boilers.  That  led  to  the  result  that  the  boiler 
of  the  future  would  burn  its  fuel  under  pressure  in  a  very  non- 
conducting chamber,  and  the  products  of  complete  combustion 
would  pass  with  great  velocity  through  veiy  fine,  very  thin  tubes 
surrounded  with  water,  which  was  made  to  circulate  with  great 
rapidity  driven  by  a  pump  or  injector." 

In  the  main  these  views  agree,  though  it  is  probable  that 


'  See  the  Mechanical  Engineer,  Vol.  i.,  pp.  424-246  ;  vol.  ii.  pp.  784-786. 
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Professor  Perry's  arrangement  of  gases  inside  and  water  outside 
will  not  give  so  good  a  result  as  the  reverse  of  that  arrangement 
should  give.  The  gases  must  pass  over  the  heating  surface  in 
enormously  larger  volume  than  the  water  ;  and  as  they  must 
necessarily  escape  at  a  comparatively  high  temperature,  it  is 
evident  that  they  should  form  the  atmosphere  which  envelops 
the  water-tube,  so  that  no  heat  can  be  radiated  away  from  the  hot 
water  surface.  But  both  are  agreed  in  the  conclusion  that  the 
water  should  be  circulated  by  mechanical  means  over  the  surface 
in  process  of  its  being  caused  to  receive  heat  transmitted  from  the 
gases,  and,  moreover,  that  the  currents  of  water  and  of  gas  should 
be  made  to  travel  in  opposite  directions. 

Since  the  foregoing  chapter  was  written  some  experiments 
have  been  carried  out  by  Mr.  G.  Halliday  on  the  influence 
of  velocity  on  evaporation  in  tubes,  the  results  of  which  are 
interesting  and  appjirently  contradictory,  though  the  experi- 
ments are  a  long  way  from  being  exhaustive  enough  to  warrant 
a  general  conclusion  being  drawn  from  them. 

The  fust  set  of  experiments  was  published  in  the  Engineer  on 
1 2th  May,  1899,  and  the  second  set  on  29th  December,  1899, 
both  having  been  first  communicated  to  the  Institute  of  Marine 
P^ngineers\  The  fust  experiments  showed  that  up  to  a  certain 
point,  when  the  source  of  heat  was  kept  constant,  and  the 
difference  in  temperature  between  the  out-flowing  hot  and 
the  in-flowing  cold  water  was  about  150°  Faht.,  the  number 
of  thermal  units  absorbed  by  the  water  per  minute  increased 
steadily  with  the  speed  of  (low.  This  effect  was  not  much 
altered  when  the  water  was  heated  up  to  boiling  point,  but 
the  rate  of  absorption  was  less  at  boihng  point  than  at  10  degrees 
below  it. 

The  apparatus  then  used  consisted  of  a  vertical  glass  tube 
with  a  spiral  tube  of  small  diameter  placed  inside  of  it  and 
sealed  into  it  at  each  end.  Water  from  a  cistern  was  allowed  to 
flow  through  the  spiral  from  below,  passing  a  thermometer 
placed  at  each  end  of  the  spiral,  and  flowing  from  the  top 
end    into  a  graduated    measure.     The   space   surrounding   the 


'    Sec  Trans.  Iiibt.  Marine  Engineers,  Vol.  xi.,  84th  paper;  also  "Science 
Abstracts,"  Vol.  for  1900,  pp.  267-268. 
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spiral  was  kept  full  of  steam  at  atmospheric  pressure,  super- 
heated by  being  passed  through  a  copper  coil  heated  in  a 
Bunsen  flame.  With  this  apparatus  there  seemed  to  be  a 
critical  point  in  the  velocity  beyond  which  the  thermal 
absorption  fell  away,  sometimes  very  rapidly.  That,  however, 
was  due  to  the  heating  powers  of  the  apparatus  being  too 
limited  to  cope  with  the  requirements  of  the  water  at  the  higher 
velocities  employed. 

In  the  later  experiments  the  water,  previously  heated  to 
boiling  point  in  a  tank  or  cistern,  was  made  to  flow  upwards 
through  a  vertical  copper  tube,  heated  throughout  its  entire 
length  by  a  Fletcher  gas  burner.  The  mixture  of  steam 
and  water  delivered  from  this  copper  tube  was  passed  into 
a  separator,  from  which  the  water  went  to  a  measuring  tlask, 
and  the  steam  through  a  condenser  to  a  graduated  measure  for 
the  condensed  steam.  The  experiments  made  with  this  form  of 
apparatus  were  undertaken  to  test  the  rate  of  heat  transmission 
with  water  which  is  freely  giving  off  steam,  and  is  also  made  to 
flow  through  the  heating  tube  at  different  velocities,  the 
effects  of  the  presence  of  steam  not  having  been  studied  in 
the  former  experiments. 

Mr.  Halliday  stated  that  there  appeared  to  be  a  maximum  rate 
of  evaporation  at  a  certain  speed  of  the  water,  and  that  on  either 
side  of  that  point  the  evaporation  diminished,  a  velocity  which 
gave  an  evaporation  about  equal  to  the  quantity  not  evaporated, 
i,e.j  an  evaporation  of  half  the  quantity  of  water  passing  in 
a  given  time,  seemed  to  give  the  best  result.  This  result 
was  independent  of  the  degree  of  heat  applied  within  the  limits 
of  the  apparatus  used,  the  curves  of  results  with  higher  heats 
having  the  same  form  as  those  of  lower  heats,  but  appearing  at  a 
higher  level  in  the  diagram. 

He  concluded  from  these  experiments  that  whilst  the  quantity 
of  water  evaporated  depends  on  the  quantity  of  heat  supplied  to 
the  tube,  and  on  the  velocity  of  the  water  through  the  tube,  yet 
the  greater  the  speed  of  water  through  the  tubes  of  a  water-tube 
boiler,  beyond  a  certain  point,  the  less  will  be  the  evaporation. 
This,  however,  does  not  necessarily  follow,  because  Mr. 
Halliday's  experiments  were  too  limited  in  extent  to  permit 
of  any  such  general  deduction  being   properly   derived   from 
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them.  Both  the  niii^e  of  temperatures  and  the  velocity  of 
circulation  employed  by  him  were  restricted,  and  the  conditions 
of  the  application  of  heat  to  the  tube,  and  of  the  movement 
of  the  water  in  it,  were  such  that  no  sound  conclusion  can 
be  drawn  from  these  experiments  which  would  be  applicable  to 
a  different  set  of  conditions. 


CHAPTER   VI. 

The  Influence  of  Temperature  on  Tenacity  and 
Ductility. 

It  would  appear  that  a  limit  to  the  heating  of  boilers,  and  to 
the  pressure  and  temperature  of  steam  carried  in  them,  is  fixed 
by  the  effects  of  elevation  of  temperature  upon  the  tenacity  and 
ductility  of  iron  and  steel — as  well  as  other  metals. 

Although,  in  some  of  the  experiments  on  heat  transmission 
mentioned  in  Chapter  IV.,  the  metal  plate,  or  bottom  of  the  open 
apparatus  in  which  water  was  evaporated,  reached  a  red-heat, 
yet  it  is  certain  that  in  a  vessel  subject  to  steam  pressure,  such 
results  could  not  have  been  attained,  or,  at  any  rate,  would  have 
been  accompanied  by  some  danger  of  explosion  or  collapse. 

The  investigation  of  the  subject  in  a  practical  way  dates  from 
Sir  W.  (then  Mr.)  Fairbairn^s*  researches,  although  some  experi- 
ments on  the  ultimate  tenacity  of  iron  at  higli  temperatures  had 
been  previously  made  by  Baudrimont,*  Seguin,and  by  the  Franklin 
Institufb.  These  earlier  experiments  were  conducted  on  a  small 
scale,  without  reference  to  the  temporary  or  permanent  elongations 
of  the  material,  or  to  the  effect  of  heat  on  its  elasticity  and  ductility. 

Fairhairn^s  Investigations. — Mr.  Fairbairn  observed  no  effect 
on  the  strength  of  plate  iron  up  to  ahnost  400°  F.  At  a  ''scarcely 
red  "  heat,  the  breaking  weight  of  plates  was  reduced  to  16*978 
tons  from  21  tons  at  60°  F.  ;  whilst  at  a  "dull-red"  it  was 
further  reduced  to  13-621  tons. 

Messieurs  Tremery  and  P.  Saint  Brice,''  aided  by  the  cele- 
brated Cagniard  Latour,  found  that  at  nominally  the  same 
temperature  (rouge  sombre)  a  bar  of  iron  was  reduced  in  strength 
to  one-sixth  of  its  strength  when  cold.  Although  this  was  a 
greater  reduction  of  strength  than  Fairbairn  observed,  yet  it  must 
be  remembered  that,  for  want  of  reliable  means  of  measuring 

^  On   the   Tensile   Strength   of     WroujLjIit    Iron    at   Various   Temperature 
Reports.     British  Association,  1856,  p.  405. 
*  Annales  de  Chimie  et  de  Physique,  3rd  ser.  30,  p.  304  (1850). 
^  Annales  des  Mines,  2nd  series,  Vol.  iii.,  p.  513. 
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high  temperatures  in  these  clays,  the  estimation  of  such  tempera- 
tures was,  to  a  great  extent,  clone  by  the  eye,  and  a  variation  in 
the  amount  of  daylight  would  cause  an  apparent  difference  in 
the  colour  observed  and  therefore  in  the  temperature  estimated. 
**  F'airbairn's  data  would  show  that  the  ultimate  strength  of 
wrought  iron  is  reduced  to  about  one-half,  but  M.  Tremery's 
result  explains  the  generally  instantaneous  collapse  of  flues  when 
made  red-hot,"  although  their  factor  of  safety  may  originally 
have  been  six. 

"  A  most  important  question,*'  wrote  Mr.  F.  A.  Paget  in  1865, 
"  is  the  effect  of  temperatures,  whether  high  or  low,  on  the 
elasticity  of  the  material — whether  iron  will  take  a  permanent 
set  with  greater  facility  at  a  high  temperature.  These  data  are 
really  more  important  than  those  on  the  ultimate  strength,  as 
they  would  show  the  influence  of  temperature  on  the  elastic 
limit.  Here  again  is  a  vacancy  in  existing  knowledge,  which 
can  scarcely  be  said  to  be  fllled  up  by  the  few  experiments  of  the 
late  M.  Wertheim*  on  very  small  wires. 

*'  Wcrthcifti^s  Experhucnt. — He  found,  however,  that  the  elasticity 
of  small  steel  and  iron  wire  increases  from  15°  C.  to  100°  C,  but 
at  200°  it  is  not  merely  less  than  at  100°,  but  sometimes  even  less 
than  at  the  ordinary  temperature. 

**  As  Wertheim  used  in  his  experiments  wire  which  according 
to  his  statement  had  a  diameter  of  only  from  o"i  to  05  line,  he 
was  but  little  exposed  to  error  in  respect  of  its  cunature  ;  but 
on  the  other  hand,  he  was  unable  accurately  to  measure  its  sec- 
tional area,  except  by  calculating  the  mean  area  from  the  specilic 
gravity.  As  the  wires  were  only  about  2-5  feet  long  between 
the  points  where  the  elastic  elongations  were  measured,  and  as 
these  measurements  were  obtained  by  means  of  a  cathetometer, 
the  values  of  the  modulus  of  elasticity  calculated  by  him  from 
his  experiments  on  traction  not  unfrequently  varied  for  the  sjime 
iron  and  steel  wire  to  the  extent  of  10  per  cent,  and  upwards. 

"  The  modulus  of  elasticity  may  certainly  be  more  accurately 
obtained  by  flexion  than  by  traction,  as  the  amount  of  deflection 
may  be  considerably  greater,  and  therefore  more  accurately 
measured  than  the  elastic  elongation  by  tension.  But  supposing 
that  the  value  of  the  modulus  of  elasticity  thus  obtained  is  an 

'  Comples  Kendus,  Vol.  xix.,  p.  231. 
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exact  measure  of  the  elastic  force  on  stretching,  it  is  assumed 
that  this  force  is  equal  to  the  elastic  force  on  compression,  whilst, 
according  to  Hodgkinson,  the  latter  for  iron  is  about  J  of  the 
former  ;  and,  also,  that  by  different  sti'ains  in  different  directions, 
and  by  the  change  of  form  in  the  sectiooal  area  which  occurs  on 
flexure,  other  forces  are  developed  or  the  conditions  are  other- 
wise so  changed  that  the  calculations  on  the  common  formula 
become,  as  some  authors  affirm,  uncertain.  Wertheim  in  one  case  ' 
obtained  the  modulus  of  elasticity  for  steel  wire  more  than  20  per 
cent,  higher  by  means  of  transverse  vibration  than  by  traction. 

Kupjfer^s  Experiments. — ^*  Kupffer's  ^  determinations  of  the 
modulus  of  elasticity  by  flexion  and  transverse  vibrations  agree 
very  well  among  themselves  ;  but  although  the  amount  of  deflec- 
tion was  determined  in  his  experiments  with  great  accuracy  by 
affixing  mirrors  to  the  ends  of  the  sample-bars  and  measuring 
the  inclination  which  these  mirrors  assumed  in  different 
positions  of  the  bars,  yet  his  results  may  be  affected  by  errors 
amounting  to  at  least  i^  per  cent.,  as  his  bars  had  a  thickness  of 
only  08  to  17  line.  The  third  power  of  this  thickness  enters 
into  the  formula  for  calculating  the  modulus  of  elasticity  by 
flexion,  and  therefore  an  error  in  measurement  of  o'ooosS  inch, 
which  for  the  thinner  bars  is  more  than  ^  per  cent,  of  their 
thickness,  causes  an  error  of  upwards  of  i^  per  cent,  in  the 
modulus.  That  an  error  of  measurement  of  this  magnitude  was 
committed  may  be  seen  by  comparing  the  thickness  measured 
with  that  calculated  from  the  specific  gravity." 

"  There  is  another  very  important  point  with  respect  to  wrought 
iron  which  has  scarcely  received  the  attention  it  deseiTes.  As 
would  appear  from  a  number  of  phenomena,  there  seems  to  be 
a  sort  of  thermal  elastic  limit  with  iron.  When  heated,  and 
when  its  consequent  dilatation  of  volume  does  not  exceed  that 
which  corresponds  to  (perhaps)  boiling  point,  it  returns  to  its 
original  dimensions.  Beyond  a  certain  temperature  it  does  not 
contract  again  to  its  pristine  volume,  but  takes  a  permanent  dila- 
tation in  consequence,  apparently,  of  its  elastic  limits  having 
been  exceeded.  A  number  of  observers  have  determined  the 
fact  with  cast  iron,  and  though  wrought  iron  has  not  been 
expressly  investigated  in  this  direction,  there  is  no  doubt  that  it 

*  Kecherches  Experimentalcs  sur  I'elasticite    des  Metaux,  etc.,  par.    A.  J, 
Kupffer.     St.  Petersburg,  1850. 
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exhibits  a  similar  behaviour.  Thus/  a  number  of  years  ago  an 
Austrian  engineer,  named  C.  Kolm,  remarked  that  a  boiler  about 
12  metres  long  and  1*57  metre  in  diameter,  with  a  thickness  of 
plate  of  001 1,  permanently  expanded  at  a  temperature  corre- 
sponding to  a  steam  pressure  of  5  atmospheres  (153°  C.)  by 
0*07193,  and  did  not,  when  cold,  return  to  its  original  dimen- 
sions. The  same  thing  has  been  noticed,  by  means  of  very 
accurate  measurements,  with  other  boilers. 

"  A  number  of  experiments  by  Lieut.-Col.  H.  Clerk,'  of  Wool- 
wich, on  wrought-iron  cylinders  and  plates,  bear  distinct  evidence 
of  a  dilatation  of  volume  in  wrought  iron  when  repeatedly  heated 
and  suddenly  cooled." 

These  facts  show  that  such  tests  or  experiments  as  those 
described  by  the  late  Mr.  W.  Parker'  (in  Trans.  Inst.  N.  A.,  Vol. 
xxvi.,  p.  253)  and  by  Mr.  John  Scott,  C.B.  (ibid.y  Vol.  xxx., 
p.  285),  must  be  incomplete  as  showing  what  precise  strains 
iron  or  steel  is  subject  to  under  conditions  of  actual  work. 

A  considerable  amount  of  research  has  been  carried  out  in 
some  of  these  directions  since  the  date  of  Mr.  Paget*s  paper, 
but  there  is  still  room  for  further  investigation  in  connection 
with  the  latter  questions  raised  by  him. 

Fairbairii*s  Results. — Mr.  Fairbairn's  experimental  results  on 
the  tensile  strength  of  boiler  plate  and  of  rivet  iron  at  different 
temperatures  are  given  in  the  following  Tables  : — 

Table  LI. 


InlhedirecUo 

Breaking  Strains. 

Temperature 
in  degrees  Faht. 

n  of  the  fibre. 

Across  the  hbrc. 

Per  sq.  inch  in  Ibr  Ifcr  sq.  inch  in  tons- 

Per  sq.  inch  in  lbs 

Per  sq.  in.  in  tons. 

0 

49,009 

^X^-88 

60 

50,219 

22>S 

.     41,881 

18-69 

114 

41,356 

i8  46*N. 

44,160 

19-71 

212 

44717 

19-96 
1965 

k.      45,680 

20-39 

270 

44,020 

N. 

340 

49,968 

22-31 

42V 

18-79 

395 

46,086 

20-57 

-\ 

Red  heat 



34,272  \_ 

15-30 

»  Percy's  "Metallurgy,"  Vol.  Iron  and  Steel  (1864),  V^72. 
*  Proceedings  of  the  Royal  Society,  March  5,  1863.   \ 
'  See  also  Trans.  Inst.  N.  A.,  Vol.  xix.,  pp.  178,  179.^; 
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In  the  above  instances  the  plates  experimented  on  were 
Staffordshire  wrought-iron  boiler  plates  of  ordinary  quality. 
In  the  following  Table  are  results  of  experiments  on  the  tensile 
strength  of  rivet  or  bar  iron  at  a  greater  range  of  temperature 
than  the  above. 

Table  Lll. 


Temperature  in  degrees  Faht. 

Mean  Breaking  Weight. 

Per  square  inch,  in  lbs. 

Per  square  inch,  in  tons. 

-30 

63,239 

2826 

60 

62,816 

2805 

114 

70,845 

3161 

212 

79,271 

35*39 

250  to  270 

82,636 

3689 

310  to  325 

84,046 

3752 

415  to  435 

83,943 

3747 

Red  heat. 

35,000 

15*62 

"  The  maximum  strength  of  rivet  iron  appears  to  be  attained 
at  a  temperature  of  320°  F.  This  is  above  the  temperature  at 
which  the  maximum  strength  of  plates  was  attained,  but  little  or 
no  alteration  of  strength  is  observable  in  plates,  whilst  that  of 
bars  is  increased  nearly  one-half.  The  iron  w-as  of  good  quality, 
made  from  carefully  selected  scrap  iron." 

Kntit  Slyffe^s  Results. — Very  careful  and  complete  experiments 
on  tensile  strength  and  elasticity  at  different  temperatures  were 
carried  out  with  both  iron  and  steel  by  Professor  Knut  Styffe, 
Director  of  the  Royal  Technological  Institute  at  Stockholm,  and 
an  excellent  translation  into  English  of  his  record  of  the  work 
was  made  by  Mr.  C.  P.  Sandberg.*  The  experiments  at  high 
temperature  were  carried  out  by  means  of  special  apparatus,  the 
heating  of  the  specimens  being  accomplished  by  the  use  of 
melted  paraffin,  to  temperatures  ranging  between  212°  and  392°  F. 

Fracture  at  High  and  Low  Temperatures. — The  results  of  all  his 
experiments  on  fracture  at  high  and  low  temperatures  are 
collected  in  the  following  Table,  regarding  which  Professor  Knut 
Styffe  remarked  : — 

*  The  Elasticity,  Extensibility,  and  Tensile  Strength  of  Iron  and  Steel.  By 
Knut  Styffe.  Translated  from  the  Swedish  by  C.  P.  Sandberg.  London  : 
John  Murray,  Albemarle  Street.     1869. 
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Table  LIU.— Results  of  Experimkxts  on  the  Texsile 

All  the  bars  tested  were  filed  in  the  middle  to  smaller 

Those  bars  preceded  by  a  bracket   |   were 


Sampl 

Ebars. 

Section  of  the  har 
where  it  was  not  filed  . 

Mean  are;! 
of  the 
section 
where     | 
filed. 

Ntt.  of 
experi- 
ment. 

Description  of  Slee!  or  Iron. 

Carbon. 

Pho^ 
phorus. 

Form. 

Diameter 

or 

side. 

iwr  cent. 

per  cent. 
0018 

inches 

»q.  in. 

{I 

Bessemer  steel  from  H  iigbo,  marked  10 

114 

Round 

0465 

OTI15 
OOV35 

1? 



— 

— 

•• 

„ 

0-1252  ■ 

OI26I 

u 

marked  06            

068 

_ 

•• 

" 

01135 
01 203 

{V. 

Bessemer  iron  from  Hojjbo,  marked  03            

033 



Square 

0348 

00543 
008 II 

1.2 



„ 

— 

Round 

0-465 

o-iaf*) 
01045 

{li 

042 

_ 

Square 

,, 

oi88? 
01883 

1 15 

Uchatiiis  steel  from  Wikmanshyttan,  hardness  Xo.  0*2 

178 

E 

Round 

•• 

01042 
01042 
oiotji 

fi6 
117 

„                                    „                   hardness  No.  3... 

o(k) 

— 

'• 

;; 

01014 
oa/>8 

fi8 
119 

Cast  steel  from  Krupp,  marked  with  one  crown 

o(n 

002 

•• 

„ 

01 26 1 

f20 
121 

„                                     ,, 

„ 

;; 

•' 

„ 

CH87 
01141 

I23 

Puddled  steel  from  Siirahammar,  marked  N.P.  1 

0-8 

- 

Square 

" 

01956 
01957 

/24 

125 

marked  X.H  i 

07 



Round 

:; 

01233 
01195 

(26 

127 

marked  B.2 

0-55 

- 

•; 

■• 

01145 
01180 

{2^ 

„                              „                  marked  N.P.  3 

_ 



" 

;; 

01252 
01 203 

1^^ 

English  pulled  from  Low  Moor 



021 

oofj8 

•• 

;; 

01348 
01380 

/32 

133 

1.                       " 

„ 

„ 

;; 

•• 

01348 
01241 

/3-1 
135 

I.                                                                M 

,, 

„ 

,, 

,, 

0  1952 
01234 

, 

(36 
I37 

'.'.                                                              ','                                                                    " 



" 

"' 

" 

•• 

01 256 
01343 

I  Compare 
2  Nos.  3,  4,  7.  and  8  did  not  form  part  of  thoM  ordered 
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originally  parts  of  the  same  bar. 
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BreakifiK  welRht  per 
sq.  inch  of  the 

original  mean  area 

of  the  filed  part 

of  the  bar. 

Area  of 
fracture. 

Ratio 
between 
the  area  ol 
fracture 
and  the 
orifijual 
!Hxlional 
area  of  tl-c 
tiled  part. 

F:ion«ation  by 
rupture. 

Specific  ((ravily  determined 
after  the  experiment. 

Tempera- 
ture of 
the  bar 

during  the 
experi- 
ments. 

Excludint; 
the  inch 
where  the 
inicture 

took  place. 

On  a 

lent^th  of 
52  inches, 
the  place 
of  fnicture 
included.! 

per  cent. 

Of  the 

jiart  not 

filed. 

Of  the 
filed  part. 

Difference 
between 

the 
■pecWc 
gravilic 

The  bar 

broken  in. 

lbs. 

ton*. 

sq,  in. 

on  15 

0-0747 

I -00 
0-80 

per  cent. 

Fahr. 

140.945 
137,034 

6292 
6117 

40 

3-5 

40 
4*3 

78508 

7-8491 

0-00I7 

+   53 
+  330 

Water. 
ParafTin. 

115.078 
131.032 

51-37 
5849 

00985 

OIJ37 

0-79 
090 

40 
50 

5-1 
55 

— 

— 

— 

+  356 

Air. 
Paraffin. 

126,044 
123.653 

5627 
55-20 

00878 
00914 

0-77 
0-76 

70 

59 

8-8 
8-6 

— 

— 

- 

-   40 
+   59 

Alcohol. 
Water. 

66,286 
77.677 

2959 
3467 

00148 
00344 

0-27 
042 

55 
55 

9.4 
92 

— 

— 

- 

+   50 
+350 

Ditto. 
Paraffin. 

77.482 
76.422 

34  59 
3411 

00313 
00389 

029 
0-37 

28 
6-4 

80 
10-3 

7-8804 

78781 

00023 

+  60 
+320 

Water. 
Paraffin 

76,991 
74.589 

34-37 
3329 

01257 
01299 

067 
0-69 

193 
153 

21-2 

18-1 

_ 

— 

- 

+     5 
+  fto 

Alcohol. 
Water. 

1  141.768 

'   1 12,916 

138.818 

6328 
59  3J 
61-97 

0-1041 
01042 
o'io6o 

I  00 

TOO 

997 

3-3 
31 
2-4 

37 
39 

— 

— 

— 

-  29 

+  59 
+  282 

Alcohol. 

Air. 

Paraffin. 

114.526 
116.173 

5112 
5186 

oo7<>5 
00747 

0-78 
077 

129 
7-5 

9-5 

78431 

78263 

00168 

+  53 
+302 

Water. 
Paraffin. 

i  93.666 
'  95.793 

41-81 
42-76 

00731 
0-0878 

056 
070 

77 
100 

115 

78473 
7*8465 

7-8463 
7-8292 

OOOIO 

00173 

-  23 

+  57 

Alcohol. 
Watei-. 

1 93.666 

4263 
4181 

00653 
00699 

055 
o-6i 

12-2 

67 

15-9 
ii-o 

7-8435 

78389 

00046 

-  20 
+  50 

Alcohol. 
Water. 

1 123.172 
1 118,300 

5498 
52-81 

01875 
01656 

096 
0-85 

80 
lO'I 

"•5 

— 

— 

- 

-  29 
+  60 

Alcohol. 
Water. 

1 102,518 
93.254 

4576 
4163 

00949 
01 003 

077 
084 

127 

6-8 

150 

7-7783 
7-7830 

7-7.^61 
77600 

0-0422 
0-0230 

+  55 
+300 

Ditto. 
Paraffin. 

1     25'724 
1     89.754 

4273 
4306 

0-1003 
00896 

0-88 
076 

9-3 

97 

10-4 
III 

— 

_ 

— 

-  13 
+  57 

Alcohol 
Water. 

73,492 
70.266 

3280 
31-35 

0-0796 
00699 

0-63 
0-58 

17-6 
70 

21-3 
99 

_ 

- 

- 

+  59 
+  311 

Ditto. 
Paraffin. 

61.277 
56.474 

2735 
2521 

00666 
00654 

049 
047 

288 
190 

307 
23-1 

- 

- 

- 

;ll 

Alcohol. 
Water. 

65.^ 

2861 
29-10 

90639 
00567 

0-47 
0-46 

204 

189 

249 
24-4 

- 

- 

- 

-  36 
+  59 

Alcohol. 
Water. 

^^ 

2864 
29-19 

00596 
00667 

050 
054 

7-25 
8-25 

107 
11-5 

7-7981 

77456 

0-0525 

+311 
+320 

Air. 
Paraffin. 

^%l 

39-62 

00624 
00715 

0-50 
053 

154 
8-75 

\rt 

77985 
77930 

77425 
77284 

00460 
00646 

+  60 
+323 

Water. 
Paraffin. 

page  100 
direct  from  H5gbo,  but  were  purchased  in  Stockholm. 
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Table  LIU.  co»/iiiiir<i.~K£si*LTs  of  Experiments  on  the  Texsilh 

All  the  bars  tested  were  filed  in  the  middle  to  smaller 

Those  bare  preceded  by  a  bracket   •    were 


Dncripdon  ot  Slrcl  c»  Iron. 

Samp] 
Carlion. 

jiCT  icnt. 

ihxn. 

Scitiunuf  thchar 

Mcjn  .ir^j 

So.  irf 
nient. 

Form. 

I.h  4n>e(er 
ude. 

inches. 

0465 

.rf  the 
n.cd. 

jvr  cent. 
oo^>8 

Round . 

♦q.  m 

138 
139 

English  puddled  iron  from  Low  M  or 

C-2I 

00823 
OON07 

|40 
I  41 

;;;       ;;;       ;;; 

;• 

•• 

•• 

,, 

0  lCft2 
OO7S4 

1*' 
I  43 

from  MiddlesbroiiRh-oii-Tees  ... 

007 

025 

0581 

OHXX) 

0KSI5 

1 

|44 
145 

„                                          ^^                  

•• 

;; 

;• 

'• 

0  ICJ33 
0 iKSi    . 

/46 
U9 

"                  ''       :::    ::: 

•' 

♦• 

" 

" 

OlKSo 
0  l«)ijO 

01U13 

f5o 
51 
52 

L53 

Puddled  iron  from  Motaln  (Sweden)       

0-2 

002 

" 

0465 

Olio     ' 

012I4 

oior-) 
0  1210 

/54 

55 
■  56 

57 
V5H 

',',                   ',',                 Z     .'!.'     '". 

I 

; 

oii7*» 
01  it/i 

OllSS 

01207 
01 145 

/59 

from  Siu-ahammar,  N.J' 



- 

;; 

'•• 

0  U'«i 

0  i03«i 
0  1 135 

62 

Iron  madr  in  the  charcoal  hearth  from  Ayui  (Swe<len)  -[ 

007    f 

to  ojH't 

0-2^) 

Square . 

„ 

0  iHio 

.63 

,. 

„ 

.. 

.. 

0  i.Si«) 

Is 

" 

'.' 

" 

" 

" 

01373 
0  13T.' 
oi34» 

0  132t. 

{-} 

Iron  made  in  the  Lancashire  hearth  from  Lcsjnforss  \ 
(Sweden) ) 

006 

0022 

•> 

0  1845 
oiSoo 

ill 

;; 

007 

„ 

„ 

" 

0  1633 
oir>i3 

{53' 

1*                                                                                                                 M 

" 

•• 

" 

" 

01303 

0  I  UJH 

»  Compare 
»  Nos.  72  and  73  were  taken  from  Ihe  previously  broken  bar,  Xa  41  in  Table  IV.,  which 
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Strength  of  Iron  and  Steel  at  Difkerext  Tempek.vtures. 
dimensions  for  a  length  of  from  4  to  6  inches, 
originally  parts  of  the  same  bar. 


j 

M  et^'ht  per 
.  irf  the 
lean  area 
rtl  pun 
■  Kir. 

AreaiK 
tract  ure. 

R.itit> 
between 
the  are.«  of 
lr.Kture 
and  the 
uritfmal 
NCvliDnal 
.irea  irf  the 
tiled  iwrt. 

EKmna 
ru|4 

Excluding; 

the  iruh 
where  the 

1  nature 
hK.k  place. 

l->er  cent. 

tion  by 
ure. 

On  a 
len^rth  ijf 
S-i  Muhes. 
the  phue 
oi  traclure 
included.' 

Specific  ura\ity  determined 
alter  the  experiment. 

-fcmpera- 
ture  of 
the  bar 
uring  the 
exi«eri- 
ments. 

I          -.1  ir.a 

ofiuiuul  n 

u«  the  h 

w  th< 

1 

Oi  the 

part  not 

filed. 

• 

Of  the 
filed  part. 

Difference 
between 

the 
specific 
|{r.i\itie«. 

The  bar 
broken  in. 

lb* 

tun«. 

M).  in. 

per  cent. 

Fahr. 

2560 
2919 

00401 
OUt25 

049 
053 

235 
90 

238 
11-8 

7-7»33 

77142 

00691 

+   53 
+  275 

Water. 
Paraffin. 

'>7/3i6 

2692 

3005 

005^)7 
00462 

053 

o-S'; 

200 

US 

242 
132 

77»7« 
77H«9 

77404 
77671 

0-0474 
0*02 18 

+   55 
+  280 

Water. 
Paraffin. 

61.483 
57.«4'> 

2744 

2581 

Of  177. 
oiofto 

0-62 
058 

247 
i<j6 

292 

23V 

— 

— 

— 

-   40 
+   57 

AUohol. 
Water. 

^V885 
5">.287 

28fiO 

2646 

0-I177 
01257 

0-61 

231 
208 

2(yS 
245 

— 

— 

— 

-   27 
+  59 

AlcohoL 
Water. 

.=?2.«.37 
55.010 
'»).7I7 

2358 

24<)0 

31x2 

2792 

01341 

0  109«; 

01216 

071 
05.'? 
062 

97 
208 

14-5 

8  8 

12-2 
241 
170 
106 

7-6808 
7f.782 
76885 
7fr78o 

7-6033 
7'4«07 
75^H6 
7  5<«9 

00775 

0^975 
01239 
01151 

+  60 
+  62 
+318 
+419 

Ditto. 
Ditto. 
Pataffin. 
Ditlo. 

M.'4« 
51121 

6\4I4 

24- 17 
2282 
2827 
3054 

00513 

00^)26 

00747 

00762 

04.S 
0.53 
0-71 
063 

2 15 
163 
81 
157 

258 
208 

175 

- 

- 

- 

-  16 
+  60 
+320 
+392 

AlcohoL 
Water. 
Paraffin. 
Ditto. 

f.8.482 
50.3^>7 
5.^.1" 

63.iiy 

3057 
2248 
2371 
2<ri9 

28-21 

00580 

OOfXX) 

00715 

00^124 

049 
0.56 
051 
0  5'> 
055 

213 

MO 
16-3 
9-6 
80 

243 
It)- 1 

77177 
77350 
771.S9 
772<M 

7f.92i 
7-7091 
770^'.'? 
77032 

00256 

002f)7 

ooofH 
00262 

-  27 
+  53 
+  60 
+347 
+374 

Alc«)hol. 

Water. 

Ditto. 

Air. 

Ditto. 

50.710 

4'>.3io 
57.i^JO 

22-63 
20-^»7 

2551 

00654 

00413 
00540 

0-56 
040 
048 

168 
11-2 

97 

i«5 
15-2 
131 

77«>i8 
7  7762 

77105 
7745« 

0-0813 
00304 

-  24 
+  53 
+338 

Alcjhol. 

Water. 

Air. 

'14.' 51/ 

28  6j 

01257 

0(k) 

»«7 

»/9 

77424 

7-6f»/; 

00725 

+  55 

W  uer. 

7.)//>7 

355^ 

01257 

0(*) 

>5  7 

- 

77<'57 

77114 

00543 

+302 

Paraffin  . 

^'7,5^/0 
<^>?.no 
73.5^« 

29-59 
3017 
2818 
3283 

00914 

0  lotw 

00654 
oo'rf<4 

080 
049 
052 

173 
209 
1425 
i<>5 

204 
21-5 
">5 
202 

- 

_ 

- 

-  16 

-  II 

+  55 
+  275 

Alcohol. 
Ditto. 
Water. 
Paraffin. 

55.37^» 

2471 

00684 

037 

225 

ii(y 

- 

- 

— 

-  27 

Alcohol. 

5«.o53 

2279 

oori24 

035 

277 

- 

- 

- 

— 

+  60 

Water. 

1978 
2779 

0-0401 
00624 

0-2S 
039 

25-4 
15"  I 

20-2 

7H457 
78381 

7fii35 
7«339 

00322 
00042 

+  57 
+314 

Ditto. 
Parai)in. 

02,718 

2508 

28  00 

00527 
00596 

04T 
049 

107 
80 

172 
"•3 

— 

— 

— 

+  55 
+330 

Water. 
Paraliin. 

page  100. 

accounts  for  Ih"  bre^king-IoaH  being  greater  than  for  the  other  bars  of  the  same  kind  of  iron. 
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"In  this  Table  we  have  given,  as  a  measure  of  extensibility, 
the  percentage  elongation  after  fracture,  calculated  partly 
on  the  measured  and  divided  portion  of  the  bar  at  which 
fracture  did  not  occur,  and  partly  on  the  entire  length  of  the 
divided  portion,  if  the  bar  was  not  ruptured  beyond  the  outer 
divisions.  ... 

"  F^rom  this  Table  it  is  seen  that  among  all  the  bars  broken  at 
very  low  temperatures  only  one,  viz.,  the  cast  steel  bar  No.  i8, 
broke  with  a  smaller  load  than  was  necessary  to  fracture  another 
portion  of  the  same  bar  at  the  ordinary  temperature.  In  this 
aise,  however,  the  difference  between  the  two  breaking  weights 
is  too  insigniiicant  to  demand  attention,  and,  moreover,  an  oppo- 
site result  was  obtained  with  another  bar  of  the  same  make,  No. 
20.  In  general,  the  extensibility  has  not  been  found  less  at  low 
than  at  ordinary  temperatures.  On  the  contrary,  at  higher  tem- 
peratures, between  212°  and  392°  F.,  the  absolute  strength  of 
iron  is  considerably  greater  than  at  ordinary  temperatures,  as 
Dr.  F'airbairn  also  found  in  his  experiments  ;  but,  on  the  other 
hand,  the  extensibility  appears  to  be  somewhat  diminished.  In 
steel,  however,  there  does  not  seem  to  be  any  essential  difference, 
either  in  absolute  strength  or  in  extensibility  within  the  range  of 
temperature  mentioned. 

"  The  greatest  increase  of  strength  by  elevation  of  temperature 
was  found  in  those  kinds  of  iron  which  contained  but  little 
carbon  ;  and  in  order  to  ascertain  that  this  result  was  not  acci- 
dentally occasioned  by  the  tiled  portions  of  the  bars  having 
been  harder  than  the  rest,  we  determined  the  amount  of  carbon 
at  the  place  of  fracture  in  the  bar  numbered  71  in  Table  LI  1 1., 
this  bar  having  been  ruptured  in  a  paraffin  bath.  The  pro- 
portion of  carbon  in  that  part  was  found  to  be  007  per  cent., 
and  therefore  was  not  greater  than  in  other  bars  of  the 
same  kind  of  iron.  From  this  experiment,  as  well  as  from 
those  performed  in  hot  air  with  the  cast  iron  apparatus,  it  is 
manifest  that  the  increased  strength  exhibited  by  iron  at  high 
temperatures  cannot  be  referable  to  any  chemical  influence  or 
carbonisation  exerted  by  the  paraffin  on  the  iron  during  the 
experiment. 

Effect  on  Specific  Gravity. — '*  As  it  is  well  known  that  the  specific 
gravity  of  iron  is  diminished  by  stretching  at  ordinary-  tempera- 
tures, we  considered  it  would  be  of  interest  to  determine  whether 
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the  same  effect  is  produced,  and,  if  so,  in  what  manner,  when 
the  traction  is  performed  at  other  temperatures.  For  this 
purpose  we  have  taken  the  specific  gravities  of  some  of  the  bars 
mentioned  in  Table  LIIL,  after  fracture,  examining  both  the  filed 
portion  and  the  original  unfiled  part,  which  in  general  has  not 
suffered  any  perceptible  alteration  by  stretching.  It  was  be- 
lieved that  from  these  determinations  some  explanation  might 
possibly  be  found  of  the  very  remarkable  quality  which  iron 
possesses  of  becoming  stronger  at  certain  degrees  of  heat  than 
at  ordinary  temperatures.  As  seen,  however,  from  Table  LIIL, 
there  is  generally  no  gieat  difference  between  the  diminutions 
of  specific  gravity  when  the  fracture  by  extension  was  performed 
at  different  degrees  of  temperature." 

Effect  on  Modulus  of  Elasticity: — Tables  LIV.  and  LV.,  which 
follow,  show  the  results  of  experiments  made  to  determine  "  in 
what  manner  the  position  of  the  limit  of  elasticity,  and  the  value 
of  the  modulus  of  elasticity  in  iron  and  steel,  are  dependent  on 
the  temperature  at  which  tension  is  performed." 

The  apparatus  used,  and  the  precautions  to  ensure  accuracy 
which  were  adopted,  are,  as  in  all  cases,  fully  described  by 
Professor  Knut  Styffe,  but  to  follow  these  his  book  must  be 
referred  to. 

The  following  are  some  extracts  of  general  importance  : — 

'*  The  position  of  the  limit  of  elasticity  in  iron  and  steel  is  in 
a  great  measure  dependent  on  the  mechanical  tieatment  to  which 
the  material  has  been  subjected  and  on  the  temperature  to  which 
it  has  been  subsequently  exposed.  This  limit  can  never,  there- 
fore, be  known  with  accuracy  without  a  special  determination, 
and  by  such  a  determination  the  limit  itself  is  raised.  It  has 
been  found  that  with  a  bar  which  has  been  extended  beyond  its 
limit  of  elasticity  the  position  of  the  new  limit  might,  tinder 
ordinary  conditions^  be  easily  determined  by  representing  the 
permanent  elongations  graphically  ;  for  the  upper  parts  of  the 
curves  for  a  new  series  of  experiments  at  the  same  temperature 
will  lie  in  the  continuation  of  the  preceding  curves.  It  w^as 
therefore  supposed,  at  the  commencement  of  these  experiments, 
that  by  taking  advantige  of  this  circumstance  it  would  be 
possible  to  determine  w^ith  sufficient  accuracy  the  dependence  of 
the  limit  of  elasticity  on  the  temperature  at  which  the  extension 
was  performed.     For  such  a   purpose,  therefore,  the   limit  of 
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Table  LIV.  -Rksui  rs  ok  Experiments  to  ascertain  in  what 

affected  by  the  Temperature  at 

The  bars  tested  were  each  about  six  feet  long,  and  filed  in  the 


Ku.  oT 
bar 


Description  of  steel  or  iron. 


Hammered     Bessemer 
Hojibo,  marked  12:— 

steel     from 

1st  experiment    ... 

Same  bar 

...    2nd 

...     3rd 
...     4th 
...     5th 
...     6th 

...     7th 

::     :;: 

„ 

...     8th 

...     yth 
...    lolh 
...    nth 

" 

Hammered  Ik'ssemer  steel  from  Hof»bo. 
marked  with  the  old  Xo.  35  :  — 

1st  experiment    ... 
Same  bar     ...     2nd 

3rd  

...     4th 

...  5th 

...  6th 

7th  

...  8th  

Hammered  Hesse mer  steel  from  Hiijlbo. 
marked  o  tj  :— 

•  1st  experiment     ... 
Same  bar      ...     2nd  „ 

...     3rd  

...     4th  

5th 

Rolled  pviddleti  steel  from  Surahammar. 
marked  K  i  : — 

ist  experiment     ... 
Same  bar     ...     2nd 

...     3rd  

...     4th 

5H» 

...     6lh 

Rolled  puddled  steel  from  Surahammar. 
market!  N  i  :  - 

1st  experiment     ... 
S.tme  bar      ...     2nd  „ 

...     3rd  

...     4th 


Treatment  rrf  the  bar*  immediately  bdore  they 
were  tc»<rtl. 


f  Heated  to  slifjht  redness  and  slowly  \ 

\     cooled ) 

Heated  }  hour  in  parafHn  at  2^^.^)"  Kahr 
Do.  do.  do. 


Do.                do.                2K4°F. 
f  Heated  for  2  hours  in  paratTin  at  \ 
\     275"  Fahr i 

Healed  and  slowlv  cooled     


f  Heated  to  slight  redness  and  slowly  \ 

\      cooled ) 

CiK>lecl  f«)r  i  hour  at  y°  Fahr. 


Slij^htly  heated  and  slowly  ctH»led  . 


Amount  a<  carlx>n. 


In  the  b»r 
tested. 


per  cent. 


In  h.«r«  c* 

ttie  s.tnit- 

kind. 


056 


^  This 


»  The  bar  Xo.  2  was  not  Hied  in  the  middle, 
bar  had  been  prevously  used  for  other  experiments, 


but 
and 
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degree  the  LIMIT  of  ELASTICITY  on  Stretching  Iron  or  Steel  is 

which  the  Extension  is  performed. 

middle  for  a  length  of  about  four  and  a  half  feet.    (Sec  p.  106). 


1  The  original  section 

.-IS  to 

The  filed  middJe 
jwrt  :u  to 

Difference 
between  the 

Limits  of  elx^Uicity. 

EJongation 

Aver.ige 
tern  |ierat  lire 
during  the 

average 
teniiwralure 
during  the 

of  the  middle 

Aled  part  of 

the  bar 

i 

Calculated 

Form. 

niAmeter 
or  side. 

Ungth. 

Sectional 
area. 

experiment. 

exi>eriment 
and  the 
previous 

temperature. 

accordint; 

to  the 

previous 

experiments. 

Found 
to  be. 

Consequently. 

durmg  each 
experiment 

1 

Higher. 

Lower. 

lbs.  per 
sq.  in. 

1 

inch. 

feeL 

sq.  inth. 

Kahr. 

Fahr. 

lbs.  per  sq.  in. 

lbi.per 
sq.  in. 

lbs.  per 
»q.  in. 

per  cent. 

1 

i  Hound. 

0488 

450 

OI()7c> 

+  62 

61,414 

0367 

., 

>. 

,. 

II 

+  (A 

+     6 

74.  K*^ 

81.657 

7.M8 

— 

oofio 

1        " 

»• 

p» 

" 

+  S-S 

-      3 

82,481 

82.481 

0 

0 

0081 

I 

•• 

.. 

•I 

+2f^ 

+  10(J 

83.510 

7i>.2yi 

— 

4,254 

0027 

» 

II 

II 

+   f>2 

—  102 

79.H73 

78.22^1 

— 

1.^7 

0521 

^ 

" 

•• 

•• 

+  62 

0 

7«,9I3 

76.WI 

— 

1,992 

0065 

1 

" 

" 

•' 

+  2f)6 

+  204 

7«.56'> 

91 1607 

«3i038 

— 

0030 

n 

„ 

1. 

+  57 

-2©; 

92,842 

0,960  , 

4i"8 

— 

o"047 

•i 

M 

+  (H 

61.758 

— 

0104 
0092 

1 

" 

II 

•  1 

-     2 

-  ryi 

72,188 

7i;.736 

7.548 

- 

" 

+  55 

+  57 

82,344 

6<).992 

12,352 

0105 

I 
S*,]iiare. 

0372 

5' 

01015' 

+  (^ 

67.833 

0  150 

1        " 

„ 

„ 

•1 

+24C) 

+  1H5 

71.158 

f)8.4i4 

2.744 

0367 

II 

II 

+  55 

-i«>4 

70,404 

76,579 

6.175 

ooi;9 

1 

" 

«• 

-1-278 

+  223 

77.540 

73i766 

3,774 

0201 

'        .■ 

" 

.. 

.. 

+  5'i 

- 

— 

65.189 

_ 

— 

0143 

i 

„ 

+  46 

-  13 

(^i$(n 

(r(\$fn 

0 

0 

0113 

» 

—  II 

-  57 

^>7.933 

70.678 

2.745 

— 

0085 

1        " 

" 

•• 

,, 

+  50 

+  39 

71. 3^ 

67,5'>' 

"■ 

3i774 

0-171 

Kojud 

o-4'\S 

4^.2 

0115^1 

+  57 

64.502 

0.130 

'        >• 

II 

,. 

■1 

—  22 

-  7^; 

(%),30(y 

72,7-^7 

3.43  > 

— 

0126 

11 

II 

+  5<> 

+  «i 

— 

(ii.),(m) 

— 

0204 

1 

•1 

„ 

.1 

+  2<X; 

+  210 

75.825 

85.431 

9.^)06 

0171 

1 
1 

•• 

- 

" 

-f  60 

-209 

HS,i76 

t>0.921 

2.745 

— 

0.762 

1 
Round. 

05 

437 

01214 

+  57 

46.318 

Olio 

1 

>. 

,. 

II 

-  22 

-   79 

50.435 

5.?.  1 80 

2.745 

— 

0187 

" 

•• 

II 

.1 

+  51 

+   73 

57.«>«3 

.5.5,239 

2.744 

0-28c; 

t. 

•I 

II 

+  2(j6 

+  215 

62.444 

62.444 

0 

0 

0-320 

!• 

M 

„ 

+  53 

-213 

f)8.620 

70.335 

i,7'5 

— 

0241 

". 

" 

+  264 

+  211 

72.737 

71.3^ 

1.363 

0307 

'  Square. 

0-476 

449 

01 56 1 

+  59 

39.113 

0303 

+  275 

+  216 

43..573 

46.3 « 8 

2.745 

— 

0-324 

.. 

„ 

+  53 

-222 

.•^.^.fM3 

5.5.444 

2,401 

0318 

" 

" 

-  27 

-  So 

5^.01 1 

5'>.oi3 

2,402 

0396 

was  of  the  same  thickness  througliout  the  five  feet. 

thereby  elongated,  which  accounts  for  the  high  limit  of  elasticity 


284 


THE  PRACTICAL  PHYSICS  OF 

Table  LIV.  conHtiiueL—RESVLTS  of  Experiments  to  ascertain  in 

affected  by  the  Temperature  at 

The  bars  tested  were  each  about  six  feet  long,  and  filed  in 


Docription  of  Sled  or  Iron. 

%-ere  tested. 

Amoimt  ot  carbon. 

Xoof 
bar. 

In  the  bar 
tested. 

In  bar*  <« 

the  Mnic 

kind 

per  cet.t. 

percent. 

Rolled  puddled  steel  from  Snrahammar, 

marked  N  P  2  :- 

6- 

1st  experiment    ... 

... 



07 

„ 

Same  bar     ...    2nd           ,. 

/  Heated  ft>r  1  hour  in  paraffin  at  \ 
1         2R4CFahr / 

— 

3rd 

Do.        do.        at302OFahr.... 



„ 

4th           

f  Heated  for  2S  minutes  in  paraffin  \ 
t         at26f)°Kahr / 

— 

„ 

,^ 

...     5th 



.. 

6th           

... 

— 

M 

Rolled  puddled  iron  from  Low  Moor  :— 

r 

ist  ex^icriment    ... 
Same  bar     ...    2nd           „ 

3rd           

Rolled  puddled  iron  from  Motala 
(Sweden)  :— 

... 

— 

02 

8 

ist  experiment    ... 
Same  bar     ...    2nd 

... 

— 

02 

3rd 

'".                '.'.[                '.,'. 



" 

. 

...     4th            

... 

— 

,. 

Rolled  puddled  iron  from  Motala 

(Sweden;  ;— 

9' 

ist  experiment    ... 
Same  bar      ...    2nd           „ 
3rd 

... 

02 

,j 

4th           

••. 



'* 

„ 

5th           

... 



j^ 

6th 

Heated  to  redness  and  slowly  cooled 



»» 

7th           

...     8th            

9lh 

(  Heated  for    k  hour  in  paraffin  at ) 
1     284°Fahr j 

— 

: 

M 

...    loth 

f  Heated   for  k  hour  in  paraflin   at ) 
\     2S4°Fahr.    \ 

— 

„ 

,, 

...   nth           



.. 

...   12th 

— 

., 

Rolled  puddled  iron  from  Suiahammar, 

marked  N  H  :- 

1 

10 

ist  experiment    ... 
Same  bar     ...    2nd           „ 

3rd           

Rolled  iron  made  in  charcoal-hearth  at 
Ayrd  (Sweden)  :— 

... 

- 

C2 

II 

1st  experiment    ... 
Same  bar     ...    2nd           „ 

3rd            

z 

1    — 

\ 

01 

»  This  bar  had  been  previously  used  for  othe?f  experiment 


^cxi 
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what  degree  the  Limit  of  Elasticity  on  Stretching  Iron  mr  Steel  is 

which  the  Extension  is  performed, 

the  middle  for  a  length  of  about  four  and  a  half  feet. 


The  original  «cction 

The  fled  middle 

lietwecn  the 

Limit  of  elatticity. 

Elongation 

1                     MtO 

pnrtas  to 

Averatte 

averai;e 

uf  the  middle 

temperaiure 
during  the 

temperature 
durinf*  the 

Calculated 







liled  part  of 

. 

the  t>ar 

j 

experiment 

according 

Found 

Conse<iucnHy. 

during  each 

Porm. 

Diameter 
orude. 

Length. 

Sectional 
area. 

and  the 

previous 

temperature. 

to  the 

pre\  loua 

experimcntiu 

ll>*.  per  »q.  in. 

to  be. 

experiment. 

HiKher. 

Lower. 

inch. 

feet 

dq.  inch. 

Fahr. 

Fahr. 

IbiLper 
Kj.  in. 

lbt.per 
sq.  in. 

lb«.per 

«i.  m. 

per  cent. 

Square. 

0-4H8 

450 

0-2163 

+   62 

52.151' 

0-106 

1 

,, 

+   62 

0 

62.4^4 

frf«.276 

5,832 

— 

0044 

l 

„ 

[ 

+   57 

-     5 

71.776 

71.776 

0 

0 

0048 

' 

„ 

+  68 

+  11 

72.599 

72,051 

— 

548 

00^)6 

1 

+  237 

+  161) 

74.7»;5 

68.620 

— 

6.175 

0-079 

1   ;: 

„ 

„ 

+   ^4 

-»73 

(*)W2 

71.707 

1,715 

— 

0-082 

'  Round. 

05 

472 

0-1256 

+  2t>8 

•♦i-'^'? 





0476 

1       .. 

■f  S« 

-247 

42,201 

46.318 

4.117 

— 

0986 

1       •• 

.. 

!i 

M 

-   16 

-  67 

4«.377 

50.435 

2.058 

— 

0179 

! 

Round. 

0476 

465 

01229 

+  57 

34.172 

0256 

„ 

+  i'»7 

4-210 

3(\i(^ 

34.035 

— 

2.333 

0-571 

I        " 

" 

„ 

+  57 

—  210 

35.339 

39,662 

4.323 

— 

0-151 

1    " 

0476 

4 '49 

0*1112 

+  27« 

4-221 

40,14a 

35.339 
34.447" 

4,803 

0705 

i 

j  Round. 

+  2R4 

0-276 

^^ 

+  57 

-227 

35.819 

.39.250 

3.431 

— 

0-374 

" 

-1-275 

4-218 

3<>.79i; 

35.270 

— 

4.529 

0379 

1        " 

^^ 

+  64 

-211 

37.2f« 

42.132 

4.'^2 

— 

0978 

1        " 

-     5 

-  69 

42,544 

45.289 

2,745 

— 

0230 

" 

,, 

„ 

•> 

+  60 

27.448 

-- 

— 

0-294 

1 

„ 

„ 

„ 

+  (H 

+     4 

28.134 

31.565 

3.431 

— 

0-484 

1        " 

+  264 

4-200 

33.344 

29.364 

-- 

3.975 

0276 

[\ 

„ 

„ 

+  60 

-2CH 

2<>,9«8 

33.898 

3.»A) 

— 

0-161 

1        I 

„ 

„ 

J, 

+  64 

+    4 

34/>53 

33.9^'6 

— 

687 

0093 

+  271 

4- 207 

34.^53 

*).849 

— 

4.804 

0390 

',', 

.. 

.. 

" 

+  «> 

-195 

30.535 

34.653 

4.118 

0-935 

1 
Round. 

0476 

450 

0-1269 

+  57 

28.134 

0103 

^ 

-  18 

-  75 

2Q.506 

32.5tM 

3.088 

— 

0-256 

1 

0-511 

4'49 

02087 

+  300 

4-318 

35.956 

28,820 
45.426 

7,136 

0-138 

1 

1  Square. 

+  53 

0358 

-  22 

-  75 

46.455 

49.886 

3431 

— 

06^0 

" 

" 

" 

•• 

+  50 

4-  72 

5o.o«;2 

47.347 

2,745 

0-328 

thereby  elongated,  which  accounts  for  the  high  limit  of  elasticity. 
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Table  LV.— Results  of  Expbrimbnts  for  Determlving  the  Moi>i:Lrs 


No. 

of 

thr 

tar. 


DfKription  ol  Iron  or  Steel. 


Hammcrrd  Bessemer  steel  from  Htinbo— 
Marked  12  

with  the  old  iiumtwr  of  hard- 1 
ncss  3-5.    The  bar  No.  2  Table  LIV.     j 

[          .,        09.    The  bar  No.  3  in  fable  \^ 
I      LIV ) 

Hanmiered  Bessemer  iron  from  Hijjjbo- 
f  Marked  with  the  old  number  of  hard-  \ 
i         11CS8  5     ) 

Rolled  cast-steel  from  Wikmanshyttam- 
Degree  ot  hardness  No.  i        

Hanmiered  cast  steel  fn>m  K.  Krupp   - 
Marked  with  two  crowns        

Rolled  puddled  steel  from  Surahammar 
[  Marked    B    i.         The    bar    No.    4    in  ) 
[     Tabic  LIV f 


Marked    N    i 
Table  LIV. 


The   bar    No.    5   in 


:::} 


Rolled  puddled  iron- 
From  Low  Moor 

„    Dudley 


Motala  (Sweden)  ... 


The  bar  No,  8  in  ) 


Table  LIV 
From  Surahammar,  marki*d  N 

N'  H.        \ 

The  bar  No.  10  in  Table  LIV.        ...  J 

Rolletl  iron  made  in  charcoal -hearth — 
From  Arvd  (Sweden).    The  bar  No.  1 1  ) 
in  Table  LIV | 


Rolled  iron  made  in  charcoal-hcarth- 
From  Hallstahammar  (Sweden) 


Spxific 

Kravity 

cif  the 

lur. 


In  the 
txir  toted. 


7832 
7850 

7-849 


7878 
7879 


7832 
7843 

7781 
7828 

7780 
74^3 
7444 
7734 

7734 
7  78.> 
7807 

7780 
7761 

7829 
7-8M 


Amount  uf  cartion. 


In  hara  at 

the  ume 

kind. 


015 


or/) 
056 


005 


135 


0'20 
0'09 

ox>9 


007  to 

018 


007 
007 


Section  a-H  to  1 


Mean : 

before  the 


Round. 
Square. 

Do. 


Do. 
Do. 


Round. 
Do 

Square 
Do. 

Round. 
Do. 
Do. 
Do. 

Square. 

Do. 

Do. 

Do. 
Do. 

Do. 
Do. 


01R23 
01015 

01156 

01 003 
01107 

o-i6gi 

02065 

01214 
01561 

01961 
01844 
02006 
01942 

o  r229 

02176 

01 269 

02087 
02279 

01891 
OHX15 


^Tien  the  bar 

has  noit  bren 

heated. 


lh».  per 
square  inch. 


30.124,180 
30.604,52c 


32.320.020 
34,241.380 


31,222,100 

3 ». 359.340 


29.918,320 

31.976.920 
28,408.680 
27,448.000 
30,261.420 

29.575.220 

31,084.860 

30,467.280 

26,761,800 
27,791.000 

28.957.<i40 
30,810,380 


The  l\ir 
had  ihnI 
I'cliiri'  tin 
nuHlii:ti> 

obljinrti  .1 
per  nun - 

;iti.>n  'I 


0004 
0014 


0002 
0001 


0006 

oooS 

0077 

ooo« 

0018 
0-002 

0037 
0003 

0*013 

0001 


'  For  the-  bars  in  T.-ible  LIV..  which  were  filed  t«>  smalliT  dimensions  in  the  niufdle,  this  table  shows 
■'  The  inriucncc  of  the  permanent  clonijation  on  the  nnxlulus  of  elasticity  was  first  examined  after  the 

be  referred  to  the  value  obtained  af'er  heatiiifj. 
•'  The  bars  Nos.  2.  4,  and  5.  were  nt>t  ordered  at  Hoj^bo,  but  were  purchased  in  Stockholm. 
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The  Modulus  of  Ela»tu.ity. 

'                                 The  bar      Diroin- 

had  j«»t  1  ikhed  bv 

When  the  bar   *«'«*<  »>»<    the  bar 

The  per- 
manent 

•loni:atK.n 
Mhtch  the 
bar  had 
obtained 
•hortly 
before. 

Diminu- 
tion. 

By  an  increase  of 
temperature. 

Dimin- 
inhed  on 
an  a\-er- 

In^Teaie. 

By  reduction  of  (he 
temperature. 

Increase 
on  an 
average 

h.ul  l^ren        | 
lualril  U»  »llRht 
1        rccliie».        1 

1 

»-as  Uken 
ohUined  al 

perman-  | 
ent  cIonR- 

ation  of 

hawnR 
uoder- 

Kone  per- 
□utnent 

eloniUitiOQ 

From 

1 

To 

ncresueof 
tempera- 
ture of 
|-8-F.  =  a 

From 

To 

for  a 
decrease 
of  tem- 
perature 
of  !«• 
F.  =  B. 

1       n«.  i^r 
j     tvqujrc  inch. 

per  cent 

per  cent 

per  cent. 

per  cent. 

Fahr. 

Fahr. 

per  cent. 

lier  cent. 

o'5 

10 

1-2 
21 

19 
20 

Fahr. 

+50 
+48 

+  50 
+  51 

+48 

+55 

Fahr. 

-  9 
-22 

-11 
-27 

-25 
+  25 

per  cent 

1                  "^ 

'    3«.4*A5«o 

i 

■  34..SK4.4H0 

! 

i        — 

32. 1 14.160 
1  30.330.040 

1    ... 

i 
1 
1        - 

1        - 

1    3o.77'>.ooo 

1           " 
1           _ 

30.741.760 

1 

1 

.     20,232,120 

1 

30.«io.3«o 

0003 
0006 

(yooo 
o'oi7 

0004 
0015 

0001 

0003 

0003 
0000 

6-4» 
4(>» 

y24» 

86 
62 

57 

6-6 
776 

4-3 
078 

0-5R 
oYj6 

072 
0'6i 

07 
078 

016 

1-77 
07a 

054 
032 

3-8 

42 

3-8 

50 
37 

+  55 

+  60 
+  59 

+  59 
+  59 

+  271 

+  275 
+  264 

+  284 
+  262 

0031 

0035 
0033 

0040 
0033 

0015 
0025 

0035 
0047 

0046 
0-044 

oiilv  the  form  and  the  mean  area. 

bar'  bad  been  heated,  and  hence  the  percentage  dimhiution  of  the  modulus  which  is  here  given  should 
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elasticity  should  be  determined  for  each  bar,  iirst  at  the  ordinary 
temperature  and  then  at  a  very  low  or  high  temperature  ;  the 
curves  of  elongation  for  both  series  should  afterwards  be  traced, 
and  finally  that  point  determined  at  which  the  tangent  to  the 
upper  part  of  the  curve  of  the  latter  series  cuts  the  ordinate  of 
the  terminal  point  of  the  former.  The  length  of  that  portion  of 
the  ordinate  lying  between  the  tangent  referred  to  and  the  end 
of  the  preceding  curve  would  thus  measure  the  temporary 
elevation  or  depression  of  the  limit  of  elasticity  consequent  upon 
the  difference  of  temperature  at  the  tw'o  experiments.  In  this 
manner  we  have  found  that  the  limit  of  elasticity  in  both  steel 
and  iron  is  always  higher  at  low  temperatures,  and  in  iron  is 
lower  at  high  temperatures,  than  when  the  extension  is  per- 
formed at  the  ordinary  temperature  ;  but  that,  on  the  contrary-, 
in  hard  steel  at  a  heat  of  266°  to  302°  F.,  it  is  sometimes  higher 
and  sometimes  lower.  When  the  limit  of  elasticity  in  such  steel 
has  been  found  higher  at  about  284°  than  at  about  59°  F.,  and 
has  been  again  examined  at  the  latter  temperature,  the  result 
has  often  been  somewhat  higher  than  might  have  been  antici- 
pated from  the  experiments  at  high  temperatures.  (Compare 
Table  LIV.,  bar  No.  i,  series  7  and  8,  with  No.  3,  series  4  and  5.) 
This  arose  from  the  fact,  afterwards  observed,  that  when  a 
stretched  bar  is  heated,  even  to  so  moderate  a  temperature  as 
266°  or  302°  F.,  a  change  is  effected  in  the  molecular  condition 
of  the  metal,  which  is  retained  after  the  heat  has  been  removed  ; 
and  therefore  the  hmit  of  elasticity  is  often  permanently  altered. 
Since  we  know  that  the  limit  of  elasticity  is  lowered  in  iron  and 
steel  by  annealing,  after  having  been  previously  raised  by 
tension  or  other  mechanical  treatment,  it  was  not  expected  that 
a  moderate  heating  could  raise  the  limit  any  further.  (Compare 
Table  LIV.,  bar  No.  i,  series  2  with  No.  6,  series  2  and  No.  9, 
series  7.)  Sometimes  we  have  even  found  that  the  limit  of 
elasticity  in  stretched  bars  has  been  perceptibly  raised  by 
merely  allowing  the  bar  to  remain  at  rest  for  several  days 
after  stretching.  .  .  .  The  metal  appears  to  acquire  by  this 
means  new  strength  after  having  suffered  from  overstraining. 
On  the  other  hand,  it  has  not  been  found  that  by  cooling  to  a 
very  low  temperature  any  perceptible  permanent  influence  has 
been  exerted  on  the  position  of  the  limit  of  elasticity  in  iron 
and  steel." 
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"  By  determining  in  this  manner  the  Hmit  of  elasticity  at  high 
temperatures,  the  temporary  influence  of  the  heat  has  not  been 
ascertained  distinct  from  its  permanent  influence  ;  and  therefore 
the  results  attiined  by  the  method  described  above  do  not — at 
least  for  iron — give  any  trustworthy  measure  of  the  temporary 
change  in  the  limit  of  elasticity  by  heating.  As,  however,  the 
subject  has  been  but  very  little  investigated,  w^e  have  considered 
that  the  results  are  of  sufficient  importance  to  merit  publication. 
In  Table  LIV.  we  have  therefore  given  the  results  of  the 
experiments  with  reference  to  the  position  of  the  limit  of 
elasticity  at  very  lowr  temperatures,  as  well  as  those  undertaken 
to  determine  the  permanent  influence  of  heating  and  cooling, 
Experiments  on  the  limit  of  elasticity  at  different  temperatures 
should,  however,  show,  with  at  least  sufficient  accuracy  for 
practical  purposes,  by  how  much  the  limit  is  raised  in  iron  and 
steel  when  stretched  at  low  temperatures,  and  within  what  limits  it 
may  vary  when  stretched  at  higher  temperatures  not  exceeding 
302°  F."' 

In  experiments  on  the  variation  of  the  modulus  of  elasticity  at 
different  temperatures.  Professor  Knut  Styffe^s  method  was  first 
to  determine,  by  several  experiments  at  ordinary  temperatures,  the 
differences  between  the  elastic  elongations  when  the  bar  was 
subjected  to  successive  loads,  these  differences  being  reduced 
to  an  average  corrected  by  a  formula  given  by  him.  Then 
similar  determinations  were  made  at  high  or  low  temperatures 
and  were  finally  repeated  at  ordinary  temperature. 

"  If  the  bar  has  not  been  overstretched,  either  previously  or 
during  the  experiment,  the  results  of  the  tension  at  ordinary 
temperatures,  as  performed  before  and  after  heating  or  cooling, 
have  nearly  always  shown  the  closest  agreement ;  and  we  have 
then  taken  the  average  of  all  these  and  compared  it  with  the 
mean  result  of  the  experiments  at  high  or  low  temperature.  If 
Ej  denote  the  modulus  of  elasticity  at  a  low  or  high  temperature, 
and  Lj— Lq  the  mean  value  of  the  corrected  difference  between 
the  elastic  elongations  obtained  with  loads  Pj  and  P^ ;  and  if 
E,  L^— L,  P^  and  P  represent  corresponding  values  by  tension  at 
the  ordinary  temperatures,  then  we  obtain — 

E^     L^-L  F-P, 

B"L,-^    •    P,-P 
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or  if,  as  usuallv  happened, 

P,-P,=  P-P 
then 

K^^  L'-L 

K 

The    ratio   p-    is  thus  always  independent  of  the  section  of  the 

bar  ;  and  tlie  accuracy  with  which  it  may  be  determined 
depends,  when  the  extending  force  is  ahke  in  all  the  experiments, 
only  on  the  accuracy  with  which  the  differences  between  the 
elastic  elongations  may  be  measured. 

If  the  bar  has  been  overstretched,  either  t">efore  or  during  the 
experiment,  or  if  it  has  originally  been  much  bent  and  then 
straightened  when  cold,  the  experiments  conducted  at  ordinary 
temperatures  with  the  siune  load,  nfler  a  series  of  experiments 
at  a  higher  (and  sometimes  also  after  those  at  a  lower) 
temperature,  present  less  differences  between  the  elastic  elonga- 
tions than  are  obtained  from  those  which  precede  such  a  series  of 
experiments.  This  results  from  the  influence,  already  alluded 
to.  which  any  great  change  of  temperature  exerts  on  overstretched 
bars,  an  influence  which  partially  restores  the  elastic  force  which 
is  lost  by  overstretching.'' 

Table  LV.  shows  the  results  of  these  experiments  in  a  collected 
form. 

Inlluauc  on  Flcxicm. — Professor  Styffe  concluded  his  investiga- 
tions by  experiments  testing  the  influence  of  different  tempera- 
tures on  flexion. 

**  As  it  was  found,  from  previous  experiments,  that  the 
mcKlulus  of  elasticity  on  tension  is  nearly  alike  in  steel  and  iron 
of  the  same  sj^cciiic  gravity,  but  that  it  increases  as  the  tempera- 
ture falls  and  diminishes  as  the  temperature  rises,  it  w"is 
considered  interesting  to  examine  the  influence  which  these 
conditions  would  exert  on  flexion,  because  the  elastic  deflections 
may  be  much  greater  than  the  elastic  elongations  at  tension, 
and  therefore  the  former  admit  of  measurement  with  greater 
accuracy." 

"  In  all  experiments  referring  to  the  influence  of  temperature 
on  the  modulus  of  elasticity,  the  bars  were  tested  first  at  the 
ordinary  temperature,  then  at  the  higher  or  lower  temperature, 
and  finally  again  ujuler  ordinary  conditions.     If  both  series  of 
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experiments  at  the  ordinary  temperature  agree  in  their  results, 
it  is  evident  that  the  change  of  temperature  has  not  permanently 
altered  the  elastic  force  of  the  bar,  but  that  the  differences 
observed  between  the  deflections  at  a  high  or  a  low  temperature, 
and  at  the  ordinary  temperature  have,  therefore,  arisen  only 
from  the  differences  in  the  thermometric  conditions  during 
the  experiment. 

"  If  E,  and  E^  denote  the  values  of  the  modulus  of  elasticity 
at  two  different  temperatures  /,  and  Z^,  and  if  d^  and  d^^  denote 
the  measured  differences  of  deflection  with  the  same  load,  and 
a  the  linear  coefficient  of  expansion  of  the  material,  then  we 

obtain  with  sufficient  accuracy  the  value  of  the  ratio  ^^ 
thus  :—  ^° 

On  the  cooling  of  our  apparatus  from  59°  F.  to— 4^  F.,  we  have 
found  the  mean  value  of  ^  =  0000013,  and  on  heating  from 
59°  F.  to  266°  F.,  a  =  000002. 

"The  results  obtained  are  given  in  Table  LVI. 

**  In  these  calculations  no  correction  has  been  made  for  change 
of  dimensions  consequent  upon  change  of  temperature  ;  for  the 
measurement  of  the  dimensions  is  generally  taken  at  tempera- 
tures between  32°  and  68°  F.,  and  the  application  of  the  results 
to  particular  cases  would  therefore  have  been  more  difficult  with 
this  correction.  If  a  comparison  be  instituted  between  the  in- 
fluence of  temperature  on  the  elastic  force  at  flexion  and  at  trac- 
tion, or,  in  other  words,  between  the  values  of  the  coefficients 
l\  and  /3,  given  in  Tables  LV.  and  LVI.,  the  correction  referred  to 
should  in  strictness  be  made  in  both  cases,  although  /3  is  only 
Increased  thereby  about  o'ooi  and  /3,  0004." 


u 
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Table  L VI. —Results  of  Experiuexts  to  determine  the 
N.B.— All  the  bars  tested  had  a  length  of  43  feet 


Dwttiption  of  Iron  or  Sletl. 

Spcciftt 

Grxvitv 

at  the 

bar.  I 

Amount  of  ortwn. 

Sectional  area  of 
ban  not  filed. 

SecUonal  area  M     , 
bars  filed.          | 
KectanguUr  SKction 

1 

1 

In  the 
Iw  tekted. 

In  bar*  erf 

the  unie 

kind. 

Form. 

I>ian)c>er 
ur  side. 

Average 
«idth. 

AveraRe 
height. 

s 

T5 



j^ 

per  vent. 

l>er  cent. 

in. 

in. 

in. 



1 

Hainniered  Bessemer  steel  from  Hugbo— 
Marked  1  0           

7W18 

048 
03097 

0-4890 
03165 

2» 

(     Marked  with  the  old  No.  of  hardness  ) 
I         3'5.  the  bar  Xo.  2  in  Tabic  LV.       ...  / 

7-850 

1-26 

- 

- 

- 

Hammered  Bessemer  iron  from  H«)jJbo— 

3» 

f      Marked  with  the  old  Xo.  of  hardness  «>.  1 
1         the  bar  No.  5  in  Tabic  LV -  / 

7-879' 

015 

- 

- 

03476 

0-3473 

4 

Rolled  Bcsst-mtT  steel  from  Carlsdal  — 
Rolled  puddled  steel  from  Snrahammar- 

— 

099 

— 

Square. 

04651 

- 

- 

5 

6« 

Marked  X  i.  the  bar  Xo.  y  in  Table  LV 
B  I,  the  bar  No.  8  in  Table  LV. 

7828 
7781 

056 
Of)6 

— 

— 

— 

03629 
03469 

04029 
03474 

7 

Pi 

Rolled  puddled  iron  - 

" 

07 

Square. 

0-4651 

8 

From  Low  Moor 

7780 

— 

0-2 

Round. 

05 

._ 

9 

From  Middlcsbrouf*h-on-Tei"s 

-- 

-- 

097 

I)itt»).  1   06162 



_ 

10 

rTheMemof  a  rail  from  Cwm  Avon  in  ^ 
<      Wales,  cut  out  by  a  pl;iiiiii,i;  machine.  V 
[     and  heated  and  rolled  to  a  bar j 

Rolled  puddled  iron  - 

7-5«/7 

" 

-- 

- 

- 

04523 

05009 

ii« 

From  Motala.The  bar  Xo.  14  in  Table  LV 

7734 

— 

02 

— 



03238 

03251 

12 

f      From  Surahammav.  marketl  X.    The  ) 
\         bar  Xo.  15  in  Tabic  LV / 

77S0 

014 

— 

— 

04588 

04702 

I3« 

f      From  Surahammar.  marked  X  H.  The  1  '     „ 
t          bar  Xo.  U)  in  Table  LV )     ''^' 

Rolled  iron  made  in  charcoal-hearth  — 

02 

- 

- 

03473 

03483 

1 

14 

From  Ayrd.  The  bar  Xo.  17  in  Table  LV-  77S0 

— 

01 





0*4513 

1 
04533 

15' 
16 

18 

f      From  Hallstahammar.  The  bar  Xo.  19  ) 
t         Table  LV / 

7761 
7829 



01 

007 

: 

— 

0-4791 
0405a 

04690 
0-4520  1 

I7» 

f     From  Hallstahammar.   The  bar  Xo.  20) 

1         Table  LV /    7854 

- 

007 

- 

- 

04263 

1 
0-4584 

.    .^    Remarks.  -The  bars  Xos.  i,  2.  and  3  were  not  r)rdered  from  Hoiih.).  but  were  boiiCht  m  Stockhc^Im 
♦    .^  V'V'''a^\'- -'•/^ '^'S^  •»*>■'■  ''""''••!'i"|i  «-»ve  a  modulus  of  elasticity  of  3o.535.9O0  11^..  on  stretching  was 
tested  by  bcndmj:  ni  Iwu  directions  at  riiiht  anjlles  to  each  other.    The  modulus  of  elasticity  was  11  ooaioo  IbL 
in  the  oiie  case,  and  31.505.200  lbs  m  the  other.      The  bar  was  again  annealed,  but  the  raoduliin^W  nS 
increased  to  more  than  32,38,^,040  lbs.  per  .sq.  m.  »«  **«  uw 


^..    .        jThespecificgravity  was  taken  when 

■  The  bars  Nos.  2.  3,  6,  11,  13,  15,  and  17,  had  been 

»  By  annealing,  the  specific  gravitv 
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Modulus  of  Elasticity  in  Iron  and  Steel  by  Flexion. 
each,  the  distAnce  between  the  supports  being  4  feet. 


The  modulus  of  elasticity. 


When  the  bar 

had  not  been 

heated. 

When  the  bar 
bad  been 
heated. 

De- 
create 
by  the 
per- 
manent 
deflec. 
Uonof 
the  bar. 

The  perman- 
ent deflection 
which  the 
bar  had 
obtained 

before. 

De- 

through 
harden- 
ing. 

De- 
crease. 

By  increase  in 

the 
temperature. 

AveRige 
diminu- 
tion by  an 
increase 
of  tem- 
perature 
of  18- 
K.  =  B.. 

In- 
crease. 

By  reduction 
of  temperature. 

Averai{e 
increase 
by  reduce 

From 

To 

From 

To 

lion  of 
tempera- 
ture of  r8* 

F.  =  B.. 

lbs.  per 
sq.  inch. 

lbs.  per 
•q.  inch. 

per 

cent. 

in. 

per 

cent 

per 

cent. 

Fahr. 

Fahr. 

per  cent. 

per 

cent. 

Fahr. 

Fahr. 

percent. 

30.7^,346 

_ 

155 

01476 

.X, 

198 

+5*; 

-H2fi6 

0017 

0-64 

+  57 

0 

ooao 

— 

31,908.300 

— 

— 

— 

— 

— 

— 

— 

— 

— 

- 

— 

32,388,640 

- 

- 

- 

- 

- 

.- 

- 

- 

- 

- 

_ 

- 

- 

- 

- 

3-2 

- 

- 

- 

- 

112 

+57 

+  2 

0*036 

a9.232.lM 

30,741.7^ 

_ 

*- 

II 

3-28 

+  51 

+  269 

0-027 

1-44 

+  57 

+  2 

0046 

— 

30.673,140 

— 

— 

— 

— 

— 

— 

— 

120 

+59 

-2 

0-035 

— 

— 

— 

— 

1-6 

218 

-t-60 

+  257 

0020 

048 

+  50 

+  14 

0024 



— 

_ 

_ 

— 

_ 

— 

— 

_ 

095 

+66 

+9 

0-030 

— 

— 

— 

— 

— 

— 

•  — 

— 

— 

102 

+60 

+5 

0033 

27,310,160 

27.379.380 

- 

- 

- 

- 

- 

- 

- 

133 

+66 

+5 

0-040 



29,849,700 

— 

_ 

— 

-_ 

— 

— 

_ 

114 

+66 

0 

0031 

30,810.380 

30,810,380 

1-88 

04476 

— 

260 

+57 

+  273 

0'022 

096 

+55 

-2 

0030 

- 

31,839.680 

- 

- 

- 

- 

- 

-■ 

- 

099 

+66 

+  11 

0032 

27,585,240 

27.58&240 

i'47 

00813 



406 

+57 

-»-260 

0036 

118 

+  57 

+2 

0-038 

— 

27.516,620 

— 

- 

— 

— 

— 

— 

— 

— 

— 

- 

- 

31,084.860 

31,290,720 

070 

07034 

— 

— 

- 

— 

— 

Ill 

+66 

0 

0-030 

— 

30,398.660 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

The  bar  No.  13  was  bent  throughout  the  whole  of  its  length,  and  straightened  again.  The  modulus  cf 
elasticitv  was  thus  decreased  6-6  per  cent. 

The' modulus  of  elasticity  of  the  annealed  bar  No.  15  on  flexion  was  first  27,379,350  lbs.,  and  by  rcpeate  d 
annealing  did  not  increase  to  more  than  27,516,620  lbs.  per  sq.  in. 


the  bars  were  in  their  original  state, 
heated  immediately  before  the  experiments. 
was  increased  to  7-882. 
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W.  Parker's  Experiments. — During  the  year  1880  a  series  of 
tensile  tests  of  English  and  German  steel  at  various  temperatures 
was  carried  out  under  the  direction  of  Mr.  Wm.  Parker,  then 
chief  engineer-surveyor  of  Lloyd's  Registry  of  Shipping,  by 
whom  the  results  were  communicated  to  the  present  author. 

The  results  are  given  in  the  following  Table  : — 

Table  LVII. 


stress  in  Tons  per  square  inch. 

Elongation  per  cent 

Temperature. 
fahr. 

1 

English. 

German. 

English.          1        German. 

70- 

3 1 '5          '           303 

187 

,67 

450- 

357 

39-2 

14-5             '              10-3 

6io* 

320 

34'4 

12-5 

n-2 

I.OOO* 

13-8 

117 

30' 

34-2 

*  Broke  close  to  the  end. 

In  these  experiments  the  tenacity  increased  as  the  tempera- 
ture rose  from  70°  to  450°,  whilst  the  ductility  diminished,  but 
between  450°  and  1,000°  both  rapidly  fell  away,  except  in  the 
case  of  the  German  steel,  which  showed,  on  the  contrary,  an 
increase  of  ductility. 

Kollmanfi's  Experiments. — Following  these  tests,  as  to  date  of 
publication  in  this  country,  but  rivalling  in  completeness  those  of 
Professor  Styffe,  there  is  the  series  of  experiments  carried  out  by 
Dr.  J.  Kollmann  at  the  worksof  theGutehoffnungshiitte,  nearOber- 
hausen,  the  results  of  which  were  communicated  by  him  to  the 
Verhandlungen  des  Vereins  zur  Beforderung  des  Gewerbfleisses 
(1880,  p.  92).^ 

Illustrations  of  the  testing  machines  and  test  pieces  employed 
will  be  found  in  Engineering  of  February  4th,  1881.  In  all 
the  tests  made,  only  ordinary  iron  as  daily  produced  and  used 
at  the  Gutehoffnungshiitte  was  employed,  it  being  the  object  of 
the  experiments  to  determine  the  behaviour  of  such  iron  as  the 
Works  ordinarily  made.     Fibrous  iron,  tine-grained  iron,  and 

•An  abstract  of  this  paper  is  published  in  Engineering  of  Feb.  4,  1881, 
p.  109.     See  also  Min,  Proc.  Inst.  C.  E.,  Vol.  Ixxxiv.,  p.  417. 
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Bessemer  steel  were  tested,  their  relative  specific  gravities  being 
7  62,  769,  and  784.  The  test  pieces  used  in  the  smaller  machine 
were  all  13  mm.  (0*51  inch)  in  diameter,  or  13  mm.  square,  and 
in  the  larger  machine  40  mm.  by  10  mm.,  or  158  by  039  inch, 
say  06201  square  inch.  Careful  measurements,  both  before  and 
after  the  tests,  were  made  by  means  of  micrometers.  The 
following  gives  the  chemical  composition  of  the  three  qualities 
used  : — 

Table  LVIII. 

Wcldable  wrought       Fine  grained 

Iron.  Iron.                Kessemer  Steel. 

Carbon                       o'lo  0"i2  o'23 

Silicon                         009  oil  0*30 

Phosphorus               034  020  0*09 

Sulphur                      003  frace  0*65 

Manganese                007  014  o-86 

Copper                       007  006  007 

Iron                          9930  9936  9840 


10000  99*99  1 0000 

Special  means  were  adopted  for  heating  the  test  pieces,  and  a 
second  test  piece  of  the  same  quality  of  iron  was  always  heated 
along  with  the  one  put  in  the  testing  machine,  so  that  this 
second  piece  should  be  used  for  measuring  the  temperature  of 
each  experiment  by  means  of  a  calorimeter.  No  correction 
was  considered  necessary  to  allow  for  any  water  lost  by  evapora- 
tion during  an  experiment,  or  for  losses  by  radiation.  The 
calorimeter  was  so  well  protected  against  radiation  that  in  a  trial 
extending  over  two  hours  there  was  a  loss  of  only  i*i°  C,  the 
temperature  of  the  air  being  212°  C. 

Experiments  were  made  to  determine  the  rate  of  cooling  of 
small  test  pieces  40  mm.  by  10  mm.  in  section,  and  the  results 
are  plotted  in  the  curve  in  F"ig.  123,  the  horizontal  divisions  giving 
the  time  in  minutes,  and  the  vertical  ordinates  the  temperature 
in  degrees  C.  Similar  experiments  were  made  with  the  larger 
test  pieces,  13  mm.  diameter  by  280  mm.  long,  and  their  curve 
of  decrease  of  temperature  is  shown  in  Fig.  124. 

With  regard  to  the  regular  experiments,  a  Table  was  given 
containing  the  results  of  52  tests,  showing  the  effects  of  rise  of 
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temperature  in  reduction  of  resistance  to  rupture,  and  in  increase 
of  the  contraction  of  sectional  area,  as  well  as  increase  of  ex- 
tension. On  account  of  the  rapidity  with  which  the  test  pieces 
cooled  it  was  found  impossible  to  make  accurate  observ^ations  at 
a  higher  temperature  than  1080°  C.  (1976°  F.),  and  for  this  reason 
Dr.  KoUmann  recommends  that  future  experiments  should  be 
made  with  test  bars  of  larger  diameter,  which  would  retain  their 
heat  longer.  Taking  the  initial  strength  as  37*5  kilos,  per  square 
millimetre  or  2381  tons  per  square  inch  at  0°  C,  and  calling  this 
breaking  load  100,  the  progressive  diminution  in  resistance  to 
rupture  is  thus  shown  : — 


Table 

:  LIX. 

Degrees  Centigrade. 

Fibrous  Iron. 

• 

Fine  Grained  Iron. 

Mild  Bessemer  Steel. 

0 

100 

100 

100 

100 

100 

100 

100 

200 

95 

100 

100 

300 

90 

97 

94 

400 

73 

500 

38 

44 

34 

600 

19 

700 

16 

23 

18 

800 

11 

900 

.       6 

12 

9 

1,000 

4 

7 

7 

2,250 

0 
Broke     without 
appreciable  load 

That  is  to  say,  at  a  temperature  of  200°  C.  the  breaking  load  in 
the  case  of  the  tibrous  iron  was  reduced  to  22*6  tons,  or  95  per 
cent,  of  the  initial  load  ;  at  300°  C.  to  21-4  tons  ;  at  400°  C.  to 
17-39  tons  ;  at  soo^'.C.  to  9*14  tons  ;  at  600"  C.  to  3*94  tons  ;  at 
800°  C.  to  254  tons  ;  at  1000°  C.  to  0*05  ton  ;  whilst  at  2250°  C. 
the  iron  broke  without  any  appreciable  load.  These  results  and 
the  corresponding  ones  with  the  other  two  qualities  of  iron 
tested  are  given  graphically  in  the  following  curves  (Figs.  125, 126, 
127),  the  mehing  temperature  of  wrought  iron  being  assumed  at 
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2250°  C.  (4082''  F.)  according  to  Dr.  Wedding.  The  results 
shown  by  these  curves  up  to  about  iioo^  C.  (2012^  F.)  are  fairly 
accurate,  but  beyond  that  temperature  it  was  most  difficult  to 
obtain  reliable  readings.  Up  to  about  450 '  C.  (842°  F.)  there 
was  an  increase  in  the  extension  as  well  as  in  the  reduction  of 
sectional  area,  which  continued  in  the  latter  case  up  to  600°  C, 
whilst  the  extension  decreased.  Between  600°  C.  and  700^  C. 
(1112°  and  1292^  F.)  the  contraction  decreased,  but  above  700°  C. 
it  increased  again.  The  extension  also  increased  between 
700°  C.  and  850^  C.  (1292"  and  1562"  F.),  but  from  this  point  it 
very  rapidly  decreased. 

From  a  number  of  experiments  the  elastic  limit  was  deter- 
mined for  750°  C.  (1382°  F.)  to  be  230  tons  per  square  inch, 
at  800°  C.  (1472''  F.)  I  27  ton,  and  at  850''  C.  (1562°  F.)  to  be  095 
ton  per  square  inch. 

Subsequently  some  experiments  were  made  with  predetermined 
loads  in  order  to  test  the  reduction  of  sectional  area  and  the 
extension  at  given  temperatures.  The  temperatures  ranged 
between  460"  and  700""  C.  (860''  and  1292"  F.),  the  loads  at  these 
temperatures  respectively  being  in  tons  per  square  inch  2*86  and 
2*35.  The  reductions  of  sectional  area  were  7*5  and  4083  per 
cent., and  the  elongations 45  and  22  percent.  Figs.  126  and  127 
show  graphically  the  results  with  the  other  qualities  of  iron  used. 

These  tests  were  combined  with  an  investigation  of  the  tem- 
peratures at  which  iron  is  rolled,  and  of  its  behaviour  under  the 
action  of  rolling,  in  order  to  obtain  a  basis  for  a  theor}'  of  rolling 
mills.  This  investigation,  although  interesting,  has  only  an  indirect 
application  to  our  subject,  inasmuch  as  it  revealed  tliat  the 
strength  of  bars  was  to  some  extent  increased  by  the  amount  of 
work  and  compression  to  which  they  were  subjected.  This, 
however,  has  a  limit,  because  the  experiments  of  Pisati  and 
others  on  the  extension  of  heated  iron  and  steel  wire  under 
different  loads  and  at  different  temperatures  from  32°  to  572°  F. 
(0°  to  300°  C.)  gave  discordant  results. 

PisatVs  Experiments  with  Wire. — Pisati  found  that  with  un- 
annealed  wire  the  extension  is  very  small,  and  decreases  with 
the  rise  of  temperature.  It  was  observed  that,  in  a  wire  cooled 
at  a  dark  red  heat,  the  strength  decreased  between  57°  and  122" 
F.,  but  increased  from  that  point  up  to  194"  ;  decreased  again  up 
to  248'^,  remaining  then  constant  up  to  392'^  and  then  slowly 
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decreasing  to  455""  F.,  when  it  suddenly  commenced  to  increase, 
after  which  a  slow  decrease  in  strength  set  in.  It  must  be 
remarked,  however,  that  the  strength  at  572°  was  greater  than  at 
57°.  The  extension  decreased  between  57°  and  167°,  and  then 
increased  up  to  212°,  again  decreasing  rapidly  to  257°,  when  the 
variation  disappeared,  and  the  extensibihty  remained  constant  up 
*^  437°-  Again  it  increased  quickly,  subsequently  more  slowly 
until  at  572°  it  was  the  same  as  at  57°  F.  This  irregularity  was 
quite  absent  in  the  case  of  Dr.  Kollmann's  tests  of  iron  and 
steel  plate. 

Effect  of  Hi^h  Temperature  on  Steel. — Again,  steel  being  a  material 
capable  of  being  fused,  it  is  found  that  it  cannot  be  wrought 
at  so  high  a  temperature  as  that  which  malleable  iron  stands 
without  any  damage,  and  that  as  the  temperature  of  fusion  is 
approached  steel  suffers  in  strength  and  ductility,  becoming 
what  is  technically  termed  *'  burned."  It  probably  forms  some 
union  with  oxygen  such  as  does  Bessemer  steel  w^hen  overblown, 
because  by  careful  manipulation  its  good  qualities  can  be  to  a 
great  extent  restored. 

Effect  of  Loiv  Temperature  on  Steel. — On  the  other  hand  it  is 
dangerous  to  put  work  upon  steel  plates  or  bars  at  too  low  a 
heat,  and  careful  investigations  have  shown  that  when  worked, 
by  rolling,  bending,  or  hammering,  at  a  blue  heat  or  about  250°  F. 
permanent  injur)-  is  done  to  the  strength  of  the  material, 
and  internal  stresses  are  set  up  w^hich  have  produced  the 
mysterious  fractures  so  puzzling  to  engineers  and  shipbuilders 
in  the  early  days  of  the  introduction  of  that  material  in  the  con- 
struction of  boilers.  The  presence  of  a  comparatively  high 
percentage  of  carbon  and  a  tensile  strength  of  29  to  32  tons  per 
square  inch  are  factors  in  the  production  of  the  injurious  effects 
of  a  blue  he.it,  although  steel  of  a  less  tensile  strength,  and  even 
wrought  iron,  may  suffer  from  it.  This  matter  was  carefully 
inquired  into  in  consequence  of  some  trouble  with  the  thick 
steel  plates  required  for  steam  boilers  of  large  diameter  for  high 
pressures,  and  full  accounts  of  experiments  wull  be  found  in 
Trans,  of  the  Inst,  of  Naval  Architects,  Vols,  xix.,  pp.  172-192  ; 
xxvi.,  pp.  253-277  ;  xxvii.,  pp.  67-150  ;  and  Min.  Proc.  Inst. 
C.  E.,  Vol.  Ixxxiv.,  pp.  114-207  ;  xcviii.,  147,  etc' 

*  Sec  also  Min.  Froc.  Inst.  C.  E.,  Vol,  Ixix..  35  ;  Ix.,  219  ;  lx.Kxviii.,463  ;  Tracts, 
Folio  Vols.  29-32  ;   Proc.  Inst.  Mechanical  Engineers,  1880,  p.  225. 
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Water-tube  boilers  are  to  a  great  extent  removed  beyond 
danger  from  this  source,  because  they  are  under  no  necessity  to 
employ  thick  plates  in  their  construction,  and  it  has  been  found 
that  the  chance  of  damage  to  their  plates  or  tubes  from  the 
above  cause  is  extremely  small. 

Professor  Martens*  Report. — Further  investigations  were  com- 
menced in  1886,  under  the  auspices  of  two  German  technical 
societies,  the  Verein  zur  Beforderung  des  Gewerbfleisses  of 
Berlin  and  the  Verein  Deutscher  Eisenhuttenleute  of  Dusseldorf, 
and  were  reported  upon  by  Professor  Martens  *  in  Mittheilungen 
aus  den  Koniglichen  technischen  Versuchsanstalten  zu  Berlin 
(No.  iv.,  Vol.  viii.,  1890,  page  159).  It  was  considered  that 
previous  experiments  had  not  been  sufficiently  uniform  and 
exhaustive,  especially  with  iron  and  steel  up  to  a  temperature  of 
600°  C,  and  consequently  a  systematic  series  of  experiments 
was  decided  upon.  It  was  intended  to  subject  to  the  tests  four 
qualities  of  mild  steel  having  a  tensile  strength  of  22*86,  26-67, 
3048  and  3428  tons  per  square  inch  in  their  annealed  condition, 
but  the  material  furnished  for  the  last  or  fourth  group  of  tests 
was  found  to  be  not  up  to  the  required  standard,  and  therefore 
only  three  qualities  were  tested.  Carefully  formed  and  annealed 
test  pieces  were  prepared,  and  all  necessary  precautions  were 
taken  to  have  the  temperature  and  other  readings  correct. 
Special  apparatus  was  used  for  both  cold  and  hot  tests  ;  in  the 
latter  case  the  test  pieces  were  kept  at  the  required  temperature 
during  test  by  being  immersed  in  melted  paraffin,  for  tempera- 
tures up  to  200°,  or  in  melted  alloys  of  lead  and  tin,  or  of  lead 
only,  for  temperatures  up  to  600°  C. 

A  description  of  the  testing  machine  was  published  in  the 
Zeitschrift  des  Vereins  deutscher  Ingenieure,  1886,  p.  171,  and 
Mittheilungen  aus  den  Technischen  Versuchsanstalten  of  1889, 
Supplementary  No.  iii. 

"In  ordinary  tests  with  the  machine  employed  for  these 
experiments  no  measurements  are  taken  between  the  moment 
when  the  maximum  load  is  reached  and  the  final  fracture.  In 
the  present  case,  however,  it  was  thought  desirable  to  observe 
more  accurately  the  phenomena  occurring  between  maximum 
load   and   fracture,   since   it   was   evident  beforehand    that   at 

'  See  abstract  in  Min.  Proc.  Inst.  C.E.  Vol.  civ.  209-224. 
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different  temperatures  very  considerable  differences  in  the 
behaviour  of  the  metal  during  this  period  would  show  them- 
selves. 

"  For  observing  the  decreasing  tensile  strength  of  a  test  piece 
the  autonjatic  recorder  on  the  left  side  of  the  testing  machine 
was  employed.  The  course  of  the  experiment  was  generally 
as  foUow^s  :  The  test  piece,  after  accurate  measurement  of  all 


parts,  was  pushed  from  below  into  the  furnace,  and  a  tight 
joint  made  by  means  of  the  conical  shoulder  smeared  with  line 
clay  ;  the  test  piece  and  furnace  were  then  firmly  connected  by 
a  nut.  The  iron  tube  (filled  with  nitrogen)  of  the  air  ther- 
mometer was  next  placed  inside  the  furnace,  the  measuring  rods 
of  the  mirror  apparatus  were  attached,  and  finally  the  stirring 
mechanism  and  cover.  After  the  ftst  piece  had  been  fixed  in 
the  sphericalj.  bearings  of  the  testing  machine,  the  mirror 
apparatus^was  connected." 
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All  the  pieces  to  be  tested  at  high  temperatures  were  pre- 
viously tested  several  times  at  an  ordinary  temperature  as  to 
their  elastic  extension  within  the  limits  of  proportionality,  so 
that  the  extension  for  one  ton  (i.e.,  a  metric  tonne  =  09842  ton 
avoirdupois)  could  be  determined  with  great  accuracy  and  from 
this  the  modulus  of  elasticity.  After  these  preliminary  observa- 
tions the  gas-jet  was  lighted  and  the  furnace  gradually  heated. 
The   material  for  filling  the   inner   space  of    the   furnace   was 


melted  and  poured  in  when  the  furnace  was  sufficiently  hot. 
The  temperatures  up  to  400'^  C.  were  observed  by  means  of  a 
mercury  thermometer,  and  the  higher  temperatures  with  an  air 
thermometer.  At  450"  the  results  obtained  from  both  ther- 
mometers were  compared  and  graphically  recorded — special 
precautions  being  taken  to  neutralise  the  variations  of  the  air 
thermometers. 

**  The  main  results  are  given  in  a  tabular  form  in  the  original 
paper,  but  for  comparison  are  also  graphically  represented.     In 
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Figs.  128, 129,  and  130,  the  extension  differences,  corresponding 
to  the  various  loads,  are  shown  for  the  different  qualities  of  metal, 
I.,  II.,  and  III.,  and  the  various  temperatures.  These  diagrams 
allow  an  opinion  to  be  formed  of  the  degree  of  accuracy  obtained, 
and  also  on  the  question  as  to  how  far  the  material  can  be  credited 
with  a  proportional  extension.  From  the  decreasing  length  of 
the  parallel  portions  of  the  curve-groups  with  increasing  tempera- 
tures, the  lowering  of  the  limit  of  proportionality  is  plainly  visible 
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Even  at  300^  it  appears  questionable  whether  the  test  pieces  can 
be  truly  said  to  show  any  proportional  extension. 

In  Figs.  131,  132,  and  133,  the  chief  results  are  delineated  for 
the  three  qualities  of  material.  The  quantity  represented  by  each 
cur\'e  is  denoted  by  the  letters  at  the  commencement  of  each  on 
the  left  hand,  the  meaning  of  the  notation  being  as  follows  : — 

Af  =  Percentage  of  elongation  per  ton  of  load. 

f.ss Percentage  of  elongation  per  limit  of  stretch,  or  limit  of 
elasticity,  /f.,  yielding  point  where  How  of  metal  commences. 
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or 


ap=Percentage  of  elongation  per  limit  of  proportionality    ^r 
the  point  up  to  which  stress  and  strain,  accurately  measured 
remam  proportional. 

E= Modulus  of  elasticity. 

^=Contraction  of  area  in  per  cent. 

0-8= Maximum  stress. 

^z= Breaking  stress. 

^z= Percentage  of  elongation  at  fracture. 

0-8= Stress  at  limit  of  stretch. 
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FIG.   132. 


^B= Percentage  of  elongation  at  maximum  load, 

<rp=Stress  at  limit  of  proportionality. 

^,,^= Percentage  of  elongation  in  200  millimetres. 

The  elongations,  except  where  otherwise  stated,  arc  referred 
to  the  test  length  of  206  millimetres. 

Figs.  131  to  133  show  very  clearly  how  the  stresses  o-b  and  <tz 
decrease  considerably  from  —20°  up  to  about  50°,  and  after  that 
rapidly  increase  until  they  attain  a  maximum  at  from  200°  to 
256°.     This  maximum  value  is  for  all  the  qualities  of  material 
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200  30O  4.00 

QUALITT   IIL 


tested  considerably  in  excess  of  the  value  for    -h  20°,  and  by  the 
following  amounts  : — 

Quality.  Excess  for  (t„.  Excess  for  trz^ 

I.  ...         34  per  cent.         ...         62  per  cent. 

II-  ...         27 45     „      „ 

III.  ...         25     „       „  ...         50     „      „ 

The  curves  for  «■/  follow  a  similar  course.  On  comparing  the 
curves  for  a-b  and  ^z,  it  will  be  found  that  the  maxima  and 
minima  occur  at  nearly  the  same  temperatures.     The  following 
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are  the  ratios  of  &,,  to  (t  b  in  per  cent,  for  various  temperatures, 
as  calculated  from  the  mean  values  obtained  : — 


OiiaHty  r>f 
Material. 


I. 

II. 

III. 


T.ABLE    LX. 

Ratio  for 

-20°  +20°  100°  200°     ^      .100°      I      400°      '      500°  ftoo® 


76 

»5 


74 


77 
79 


b6 
92 
91 


96 
96 
96 


I     ^ 

i     76 

,     »4 


39 
43 
49 


12 

7 
l6 


With  the  exception  of  some  of  the  test  pieces  of  quahty  III. 
the  material  which  is  strongest  in  a  cool  state  remains  so  when 
heated. 

The  diagrams  (Figs.  134  and  135)  allow  a  comparison  of  the 
leading  results  for  all  three  qualities  of  material  tested. 

In  general  No.  III.  exhibits  the  same  characteristics,  as  regards 
the  values  of  <r„  and  (Tz,  as  the  other  two,  but  deviates  notably 
from  the  latter  at  300°.  The  elongation  cb  increases  between 
—20°  and  +20°,  and  then  for  I.  and  II.  decreases  and  reaches 
a  minimum  at  about  130°.  From  this  point  the  curves  rise 
again  up  to  between  280"^  and  330^  and. then  fall. 

For  No.  III.  the  minimum  value  of  ^b  is  reached  only  at  300°, 
and  the  curve  afterwards  rises,  a  maximum  occurring  at  400°t 
Similar  differences  are  also  to  be  observed  in  the  character  of 
the  curves  for  Ij^, 

The  following  Table,  compiled  from  the  mean  observed 
values,  gives  the  ratios  in  per  cent,  of  c'b  to  t:,.,  for  various 
temperatures  : — 

Table  LXI. 


yiialily  of 
Material. 


I.      '  78 

"■•        75 
in.        78 


)° 

+  20° 

100° 

200° 

76 

76 

79 

79 

68 

76 

72 

81 

74 

Ratio  for 

300° 


11 
81 

59 


400° 

!  58 
48 


19 
26 


600° 
[28] 

8 


3o8 
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In  Fig.  136  the  stress  diagrams  for  material  of  quality 
No.  II.  are  reproduced.  The  limit  of  stretch  in  each  diagram 
is  denoted  by  S,  the  point  of  maximum  stress  by  B,  the  point  of 
fracture  by  Z.  At  400°  the  material  assumed  the  character  of 
the  soft  metals,  such  as  zinc.  The  irregularities  at  the  points  a 
and  h  occurred  when  the  flow  extended  to  the  shoulders  of  the 
test  pieces,  beyond  the  actual  test  length. 

The  variations  in  the  contraction  of  area  were  extraordinarily 
great.  For  all  three  qualities  the  smallest  value  of  q,  the  reduc- 
tion of  area,  occurs  at  300°. 

The  stress  at  the  limit  of  proportionality  increases  with  rising 
temperature  between  —  20°  and  +  20°,  reaching  a  maximum 
about  +20°  ;  it  then  falls  slightly  to  100°,  and  at  200°  attains  a 
second  higher  maximum,  subsequently  falling  rapidly.  The 
elongation  at  the  limit  of  proportionality  ^p,  is  subject  to  no 


FIG.   136. 


appreciable  alterations.  For  the  stresses  usual  at  ordinary 
temperatures  the  engineer  may  therefore  reckon,  in  steel  heated 
even  up  to  200°,  on  elongations  proportional  to  the  load  and  on 
sufficient  safety.  It  would,  however,  scarcely  be  safe  to  draw 
conclusions  from  the  results  of  these  experiments  as  to  the 
admissible  working  stress  for  temperatures  above  200°,  or  for 
frequent  changes  of  temperature  ranging  from  150°  to  350°. 
ReHable  values  in  such  cases  could  only  be  arrived  at  by 
repeated  tests,  continued  for  long  periods,  with  the  metal  in  a 
heated  state. 

The  question  of  the  safety  of  iron  structures  may  be  influenced 
by  the  peculiar  behaviour  of  the  material  at  300°.  At  this 
temperature  the  strength  is  greater,  but  the  reduction  of  area  and 
elongation  are  less  than  in  a  cold  state.  Fracture  occurs 
suddenly  without  previous  contraction,  the  metal  exhibiting  a 
certain  brittleness,  which  also  finds  expression  in  the  appearance 
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of  the  fractured  surface.  On  this  account  it  is  questionable 
whether  at  300°  steel  is  capable  of  resistiiig  repeated  shocks.'* 

A  further  series  of  experimeiUs  on  wrou^lu  iron,  mild  steel, 
copper,  delta-metal,  and  manganese  bronze,  by  M.  Rudeloff,  is 
reported  in  the  same  paper'  which  had  previously  published 
M.  Martens'  results,  but  these  experiments  do  not  cidl  for  special 
notice. 

Whilst,  however,  wrouf^ht  iron,  Siemens  steel,  copper,  and 
delta-metal  all  proved  to  be  comparatively  or  wholly  unsafe 
under  stresses  at  temperatures  above  250'  C,  manganese  bronze 
proved  to  be  very  little  affected  by  heat,  so  that  it  could  be 
safely  used  at  250*^  C. 

M.  Hudeloft*  also  carried  out  experiments  at  the  Imperial 
Navy  Yard,  Wilhelmshaven,  on  the  strength  of  iron  and  steel 
at  low  temperatures,  but  these  do  not  specially  bear  upon  our 
subject. 

Professor  Carpenter's  Tests. — Professor  Carpenter  -  has,  however, 
recently  carried  out,  at  Sibley  College,  Cornell  I'niversity,  tests 
on  the  effects  of  both  decrease  and  increase  of  temperature  on 
tensile  strength  and  has  carried  the  latter  to  a  higher  point 
than  usual. 

The  general  results  show  tirst  a  decided  increase  in  strength, 
accompanied  by  a  corresponding  rise  in  the  strength  at  elastic 
limit,  as  the  temperature  is  lowered — the  latter,  however,  not 
being  so  well  marked.  The  percentage  of  elongation  remains 
essentially  constant  and  so  does  the  modulus  of  elasticity  at  all 
temperatures  from  +  70*^  to  —  60°  F. — the  range  of  the  tests.  Some 
previous  tests  on  wrought  iron  and  steel  at  high  temperatures 
showed  a  decided  increase  in  strength  as  the  temperature 
increased  from  70^  to  about  500'  F.,  after  which  the  strength 
rapidly  diminished.  A  combination  of  these  experiments  would 
seem  to  show  that  the  strength  of  wrought  iron  increases  with 
the  change  in  temperature  from  about  70""  F.  in  either  direction, 
and  that  the  change  is  well  marked,  of  considerable  amount,  and 
is  characteristic  of  all  specimens. 

•  Mittliciluni^cn  .lus  den  Kunij^lichcn  Vcrsuchsanstalten  zu  Berlin,  1893, 
p.  292  ;  sec  also  Stahl  unci  Kisun,  1890,  p.  boj  ;  Min.  Proc.  Inst.  C.li., 
Vol.  cxvii.,  p.  461. 

*  Published  in  the  issue  for  ii>98  of "  The  Technic,"  by  the  I'niversity  of 
Michigan  Enj^ineerinf*  Society.  See  also  the  Rtiilroad  Gazette  and  the 
Mcchauical  Etif^iuccr,  November  2()th,  1898. 
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^ig-  137  is  a  combined  diagram  showing  the  results  of  the  tests 
made  both  at  low  and  at  high  temperatures.  In  plotting  t!iis 
diagram,  the  strength  in  both  series  of  tests  was  equalised  to  a 
common   starting   point    at    70'    F.  so    as   to    make   the   curve 


kk;.  137 


continuous.    This  in  result  may  not  be  true,  but  the  strict  record 
would  only  show  the  curve  of  strength  for  the  higher  tempera- 
tures in  a  position  slightly  above  the  one  shown.     The  material 
in  both  series  of  tests  was  as 
nearly    uniform     as     possible, 
although  some  years  intervened 
between  the  two  series.     The 
material  tested  at  high  tempera- 
tures was  slightly  stronger  than 
that  used  in  the  low- tempera- 
ture tests. 

In  Fig.  138  are  given  the 
curves  of  tests  of  wrought  iron, 
machinery  steel,  and  tool  steel, 
at  high  temperatures.  The 
similarity  of  the  form  of  the 
curves  for  different  materials 
shows,  so  far  as  the  points  of 
maximum  and  minimum  indi- 
cate, that  the  nature  of  the 
material  has  little  effect  on  the 

general  character  of  the  relation  of  strength  to  change  of 
temperature,  and,  further,  that  the  strength  is  greatly  affected 
by  the  temperature. 

Fig.  139  shows  the  elongation   in  specimens  eight  inches    in 
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length  of  wrought  iron  and  tool  steel  at  different  temperatures. 
The  elongation  decreases  at  first  with  rise  of  temperature  until  a 

minimum  is  reached  at  about 
250°  F.,  after  which  it  increases 
with  the  temperature. 

An  interesting  comparison  of 
the  results  with  cast  iron  is 
afforded  by  Fig.  140,  which  gives 
the  results  of  tests  with  that 
material.  The  tensile  strength  of 
cast  iron  remained  practically 
uniform  from  a  temperature  of 
70°  to  nearly  700°  F.,  but  from 
that  point  it  decreased  in  rapid 
proportion  to  the  increase  of 
temperature,  becoming  practically 
////  at  1240°  F.  The  elongation 
per  inch  in  length  appeared  to  decrease  slightly  from  100°  to 
400°,  after  which  it  increased  with  rise  of  temperature  to  1200°. 
The  elongation  of  cast  iron  is  so  small  under  the  best  conditions 
that  it  has  little  importance  beyond  that  belonging  to  scientific 
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FIG.    140. 

interest.     The    tests,  however,  indicate   a    brittle   condition   at 
about  300^  or  400^  F. 

Professor  Carpenter  discussed  tlie  question  of  the  production 
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of  crystalline  fractures,  and  both  his  report  and  that  of  Professor 
Martens  (already  alluded  to)  should  be  consulted  for  details  of 
that  branch  of  the  inquiry.  The  more  recondite  side  of  the 
investigation  into  the  molecular  changes  in  iron  and  steel  at  high 
temperatures  will  be  found  in  the  writings  of  Barrett  (Phil. 
Magazine,  Vol.  xlvi.,  p.  472),  Pionchon,  and  Le  Chatelier 
(Comptes  Rendus  de  TAcademiedes  Sciences,  Vol.  cii.,  pp.  670, 
1454),  and  Osmond  (Comptes  Rendus,  vol.  ciii.,  p.  743).' 

Strength  0/ Copper  ami  Alloys. — Investigations  into  the  effects  of 
high  temperatures  on  the  strength  of  copper  and  of  various  alloys 
have  also  been  made  ;  and  as  many  of  these  materials  may  be  used 
for  boiler  fittings  or  accessor}^  apparatus,  the  results  have  more 
or  less  connection  with  our  subject. 

We  have  seen  that  at  the  temperature  corresponding  to  a 
steam  pressure  of  200  lbs.  per  square  inch,  viz.,  about  388°  F.  or 
215°  C,  the  strength  of  wrought  iron  or  steel  is  not  much  affected, 
and  in  fact  that  it  increases  till  some  point  between  350°  and 
540°  F.  is  reached.  At  the  same  time  the  ductility  has  decreased, 
and  if  the  metal  is  steel  which  has  been  worked  at  a  blue  heat, 
there  might  be  serious  consequences.  Apart  from  that  both 
wrought  iron  and  steel  should  be  reliable  at  even  the  highest  of 
these  temperatures.  "  With  copper  and  its  alloys,"  we  are 
informed,  "  a  very  different  state  of  affairs  obtains.  The  steam 
pipes  which  proved  perfectly  reliable  with  steam  of  80  lbs. 
pressure  and  a  temperature  of,  say,  324°  F.,  have  proved  much 
less  satisfactory  when  this  pressure  has  been  doubled,  though 
this  has  involved  an  increase  in  the  temperature  of  only 
about  37°  F,  Careful  laboratory  experiments  have  conclusively 
established  the  fact  that,  under  certain  conditions,  copper  may 
suffer  a  serious  loss  of  strength  on  being  baked  for  a  prolonged 
period  at  a  temperature  of  400°  F.,  and  other  experiments  have 
shown  a  considerable  loss  of  strength  when  tested  at  still  lower 
temperatures.  Much  depends  on  the  condition  of  the  metal  to 
begin  with.  A  hard  copper  loses  proportionately  more  than  soft 
annealed  copper,  and  the  result  is,  perhaps,  also  dependent  on 
the  rate  at  which  the  load  on  the  specimen  is  applied  by  the 

*  Refer  also  to  Sir  W.  C.  Roberts-Austen's  papers  on  the  Measurement  of 
High  Temperatures,  in  Min.  Proc.  Inst.,  C.  E.,  Vols,  ex.,  etc.  ;  also  Journal  Iron 
and  Steel  Inst,  and  Tran.s.  Inst.  Mech.  Kng.  ;  also  to  Min.  Proc.  Inst.,  C.  K. 
Vols.  Ixxxvi.,  462,  andxci.,  544. 
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machine.  Some  experiments  of  M.  Le  Chatelier  show  this  time 
effect  well.  They  were  made  with  some  specimens  of  copper 
wire  : — 


Table  LXII. 


strength  at  482^  Kahr  when  the  Test  lasted. 

StrniRth    at 

iro"'  Fahr. 

Malciial 

Ten  seconds.        Ten  minutes. 

Thirty  minutes. 

Ions  per  square  Ton<i  per  «iquare  Tons  |>er  square 
imh                        inch.                      inch. 

Tons  per  squaie 
inch. 

Hard  Copper 

3175                       2l()                       157 

H43 

Soft  Copper 

15  ()                          119                       11-3 

104 

These  lifjures  show  the  great  intiuence  of  time,  and  possibly 
the  somewhat  discordant  results  obtained  by  different  observers 
may  here  fnid  an  explanation." 

**M.  Le  Chatelier  maintains  that  good  copper,  thoroughly 
annealed,  has  a  strength  of  not  more  than  lo  tons  per  sq.  in., 
when  tested  at  a  tetnperature  of  400  F.  Eveti  this  low  figure 
cannot  be  relied  on  in  the  case  of  steam  pipes  with  brazed  joints, 
as  the  quality  of  the  metal  is  often  seriously  injured  in  the  neigh- 
bourhood of  the  joint."  Small  quantities  of  impurities,  such  as 
Arsenic  or  Bismuth,  often  found  in  copper,  also  act  in  lowering 
the  strength  and  ductility  of  the  metal,  just  as  sulphur  and 
other  impurities  do  with  steel.  '*  Coming  to  alloys,  many  of 
these  are  far  from  reliable  at  high  temperatures.  Different 
samples  of  giui-metal  show  widely  varying  results.  Some 
specimens  lose  rapidly  in  strength  as  the  temperature  is  raised, 
whilst  others,  in  particular  those  containing  phosphorus,  show 
much  more  favourable  results. 

'*  Aliuninium  bronze  in  the  rolled  stale  also  preserves  its  strength 
well,  but  with  castings  the  results  are  less  favourable." 

Experiments  on  a  variety  of  alloys  were  made  at  the  instance  of 
the  Phosphor-Broiize  Company  by  Mr.  Stanger.     The  following* 

'  liii^i^niccnuf*,  Aii^.  9th,  1S95,  pl*^/. 
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are  the  results  obtained  with  a  special  alloy,  which  was  called 
by  the  Company  "  malleable  bronze." 


Table  LXIII. 

Material. 

Temper- 
ature 
Dcg.  F. 

Breaking     1 

Stress, 
tons  per      1 

sq.  in.        1 

Elastic 
Limit, 
tons  per 
sq.  in. 

Extension 
per  cent 
on  6  ins. 

Reduction 
of  area 
per  cent. 

Rolled  malleable  bronze 

cold 

31-51 

2919 

8-2 

610 

Malleable  bronze 

n 

2882 

2754 

90 

718 

„              „ 

400 

2749 

2342 

8-3 

689 

M                             J» 

500 

261I 

2470 

90 

670 

„                             ,, 

600 

25-51 

21-39 

10-8 

623 

A  large  number  of  experiments  with  other  metals  and  alloys 
are  summarised  in  Table  LXIV.  on  page  316. 

^*  The  figures  given  for  gun-metal  show  a  critical  point  in  the 
temperature  strenjgth  cur\'e  at  about  350°  and  400°  F.,  since  there 
is  a  sudden  decrease  there  in  the  strength  and  elongation.  An 
increase  in  the  proportion  of  zinc  and  a  decrease  in  that  of  the 
tin  appear  to  raise  the  critical  point  somewhat,  as  shown  in  the 
figures  referring  to  the  brassy  gun-metal  in  next  columns.  In 
fact,  generally  speaking,  the  zinc-copper  alloys  are  much  less 
sensitive  to  temperature  changes  than  the  tin-copper  ones,  as  the 
results  for  yellow  metal  and  naval  brass  show.  The  addition  of 
I  per  cent,  of  aluminium  to  brass  is  stated  by  M.  Le  Chatelier  to 
improve  its  behaviour  in  this  respect  ;  common  castings  with 
this  addition,  totally  untreated  in  any  way,  show^  he  states,  a 
strength  of  12*5  tons  per  square  inch  when  tested  at  a  tem- 
perature of  480°  F.  He  therefore  recommends  the  use  of 
this  alloy  for  boiler  fittings  in  place  of  the  gun-metal  usually 
adopted." 
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The  following  diagram  (Fig.  141)  represents  graphically  the 
results  of  a  number  of  different  experiments  on  iron  and  steel, 
and  gives  them  in  a  convenient  form  for  comparison. 

It  was  taken  by  Professor  R.  H.  Thurston  *  from  German  sources, 
and  he  gives  the  following  explanatory  notes  : — 

"  Curves  Nos.  i  and  2  represent  Kollmann^s  experiments  on 
iron  and  3  on  Bessemer  steel.  No.  i  is  ordinary  and  2  is  steely 
puddled  iron. 

"  Curve  No. "4  represents  the  work  of  the  Franklin  Institute  on 
wrought  iron. 


"  Curve  No.  5  gives  Fairbairn's  results,  working  on  English 
wrought  iron. 

"Nos.  6  to  11  are  Styffe's,  and  represent  the  experiments 
made  by  him  on  Swedish  iron.  The  numbers  do  not  appear,  as 
these  results  do  not  fall  into  curves  ;  these  results  are  indicated 
by  circles,  each  group  being  identified  by  the  peculiar  filling  of 
the  circles,  as  one  set  by  a  line  crossing  the  centre,  another  by 
one  across,  a  third  by  a  full  circle,  etc. 


'  Manual  of  Steam  Boilers,"  etc.,  p.  83. 
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"The  broken  lines  12  and  13  are  British  Admiralty  experiments 
on  blacksmith's  irons,  and  No.  14  on  Siemens'  steel.  The  first 
five  series  only  are  of  value  as  indicating  any  law  ;  and  they 
exhibit  the  general  tendency  to  a  decrease  of  tenacity  with 
increase  of  temperature. 

"Fairbairn's  experiments,  No.  5,  best  exhibit  the  maximum, 
first  noted  by  the  Committee  of  the  Franklin  Institute,  at  a 
temperature  between  that  of  boiling  water  and  the  red  heat. 

"  It  will  be  obser\'ed  that  the  measure  of  tenacity,  at  the  left,  is 
obtained  by  making  the  maximum  of  Kollmann  unity.  It  will 
also  be  noted  that  Kollmann  does  not  find  a  maximum  as  in 
curves  4  and  5,  but,  on  the  contrary,  a  more  rapid  reduction  in 
strength  at  that  temperature  than  beyond.  It  would  seem,  there- 
fore, that  that  peculiar  phenomenon  must  be  due  to  some  accidental 
quality  of  the  iron.  The  author  has  attributed  it  to  the  existence 
in  the  iron,  before  test,  of  internal  stresses  which  were  relieved 
by  flow  as  the  metal  was  heated,  disappearing  at  a  temperature 
of  300°  or  400°  F.  (149°  to  294°  C.)." 

M.  CornuVs  Considerations. — With  reference,  however,  to  all 
the  results  which  have  been  obtained  with  iron  and  steel  when 
heated,  it  has  been  pointed  out  by  M.  Cornut,*  engineer-in -chief 
to  the  North  of  France  Association  of  Proprietors  of  Steam 
Boilers,  that  the  strains  have  been  referred  to  the  original  cross- 
section  of  the  specimen,  as  measured  before  being  tested,  and 
not  to  the  cross-section  at  the  moment  of  fracture  or  at  the  tem- 
perature to  which  the  specimen  had  been  raised.  As  it  appears 
that  the  loss  of  ductility  experienced  by  iron  and  steel  when 
heated  between  certain  temperatures  causes  the  section  of  frac- 
ture of  a  bar  to  be  larger  at  these  temperatures  than  at  the 
normal  temperature,  it  seems  to  be  necessary'  to  ascertain  by 
measurement  what  are  the  dimensions  of  the  section  at  fracture, 
and  to  make  some  corrections  for  increase  of  size  and  increase 
of  brittleness  with  increased  temperature. 

One  of  the  most  recent  writings  on  the  subject  is  entitled 
"  La  Temperature  et  les  Proprietes  Resistantes  des  Metaux,"  in 
the  Bulletin  de  la  Societe  d'encouragement  pour  Tlndustrie 
Nationale,  for  August,  1899,  Tome  iv.,  Series  5,  No.  8,  pp.  1157- 
1200. 

*  Translated  by  B.  ¥.  Isherwood  in  Journal  of  the  Franklin  Inst.,  Vol.  cxix., 
pp.  257-266. 
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Reference  should  also  be  made  to  an  exhaustive  series  of 
experiments  on  the  strength  and  dqctiiity  of  bronze  in  relation 
to  temperature  which  is  described  by  C.  Bach  in  the  "Zeitschrift 
des  Vereins  Deutscher  Ingenieure."  A  translation  into  English 
appeared  in  the  Engineer  of  sth  April,  1901,  p.  340. 

For  these  tests  25  cast  bronze  bars  were  supplied  by  the 
Imperial  Dockyard  at  Kiel,  the  tests  being  carried  out  as 
follows : — 

A.  Four  bars  at  the  ordinal'  temperature  of  64°  to  77°  Fahr. 
Fahr. 


B. 

Four 

»» 

,.    212° 

C. 

Four 

V 

..    392' 

D. 

Five 

M 

..    572' 

E. 

Four 

M 

..    7.52' 

F. 

Four 

'» 

,.    932' 

The  bronze  was  understood  to  have  the  composition  91  parts 
of  copper,  4  parts  of  zinc,  and  5  parts  of  tin,  but  analyses  made 
of  (a)  turnings  from  the  Hrst  four  bars,  the  result  being  an 
average  ;  and  of  (b)  turnings,  afterwards  taken  from  bars  2  and 
4,  yielded  the  following  results  : — 


per.  cent. 


Turnings  from  all 

Turning! 

5  from 

4  bars  (ai 

Ban.         (h 

>        Bar  4. 

t-    91-35 

9149 

91-43 

545 

5-45 

SSo 

2-87 

275 

278 

0280 

0273 

0280 

0025 

0028 

0030 

trace 

trace 

trace 

Copper 

Tin 

Zinc... 

Lead 

Iron 

Phosphorus... 

Arsenic        m      v  ••  v  n 

Antimony .,       m  m  m  »» 

Sulphur,  etc.  ...         ,,       „  „  „  „ 

Summary  of  Tests. — The  bronze  tested  which  at  ordinary  tem- 
peratures had  a  breaking  stress  Kz  of  1530  tons  per  sq.  inch,  an 
extension  ^  of  3627  per  cent.,  and  a  reduction  in  sectional 
area  ^z  of  52* i  per  cent.,  had  the  following  values  at  the 
temperatures  noted  : — 


turei 

5  Falir. 

212" 

392'^ 

572^ 

752° 

93^^^ 

Kz 

1547 

14-541 

8.705 

3954 

2804 

<!> 

354 

347 

1 1  5 

0 

0 

4' 

474 

482 

l6-2 

0 

0 
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If  the  values  at  ordinary  temperatures  be  taken  in  each  case 
as  I,  then  the  following  proportional  figures  are  obtained  : — 

Breaking  stress  at 
68°  F,  212°  F.         392°  F.     572°  F.    752°  F.  932°  F. 

15-30  tons     15457  tons     14-541       8705       3954       2804 
=        I  loi  0-94  057         026        0*18 

so  that  at  392°  F.  the  breaking  stress  is  reduced  by  6  per  cent., 
at  572°  by  43  per  cent.,  at  752°  by  74  per  cent.,  and  at  932  by 
82  per  cent. 

The  final  extension  at  212°  is  098  (unity  being  363),  at  392° 
it  is  096,  at  572°  it  is  032  or  68  per  cent,  reduction,  at  752° 
further  extension  can  no  longer  be  detected. 

Reduction  of  sectional  area  follows  a  similar  order  : — 

at  68°  F,     212°  F.     392°  F.     572°  F.     752°  F.     932°  F. 
52*1         474  482         i6-2  o  o 

=       I  0-91  093        0-31  o  o 

It  follows  that  the  bronze  tested  might  be  used  for  valves 
pipes,  etc.,  with  steam  at  a  temperature  of  392°  F.,  but  not  in 
any  case  with  steam  at  572°  F.  If  that  limit  is  exceeded  the 
greatest  cautioii  should  be  obsei-ved. 

In  no  case  should  such  bronze  be  used  for  pipes,  etc.,  which 
are  to  carry  highly  superheated  steam,  and  even  with  moderately 
superheated  steam  its  use  is  not  advisable. 

Further  experiments  are  in  progress  as  to  the  results  with 
bronze  of  different  composition. 

Although  572°  F.  is  the  temperature  estimated  for  saturated 
steam  of  1,000  lbs.  per  sq.  inch  pressure,  yet  it  may  be  reached 
by  superheated  steam  of  a  much  less  pressure,  and  therefore  the 
use  of  such  brgn^e  may  be  attended  with  considerable  risk. 


CHAPTER  VII. 
Corrosion  and  Incri'station  in  Boilers. 

The  preservation  of  boilers  from  chemical  actions  is  now 
fairly  well  understood  to  be  almost  entirely  a  question  of  clean- 
liness. Given  boiler  surfaces  of  a  good  quality  of  material,  kept 
free  from  deposits  of  foreign  metallic,  earthy,  or  oily  matters, 
and  supplied  with  fresh  water  from  which  the  suspended  or 
dissolved  gases  have  been  removed  and  are  excluded,  and  there 
is  no  fear  of  destructive  actions  proceeding. 

For  a  long  time  after  the  introduction  of  compound  marine 
engines  with  surface  condensers — say,  from  1856  onwards*  for 
many  years — engineers  had  to  face  a  difficulty  which  to  former 
practice  had  been  almost  a  total  stranger,  and  had  to  combat, 
whilst  they  at  the  same  time  investigated,  the  apparently  erratic 
and  mysterious  ravages  of  corrosion. 

Formerly  the  use  of  sea  water  in  marine  boilers,  like  that  of 
calcareous  waters  on  land,  resulted  in  a  greater  or  less  thickness 
of  incrustation  being  formed  on  the  interior  boiler  surfaces. 
Unless  this  was  allowed  to  form  to  a  considerable  extent  on  the 
parts  of  plates  or  tubes  exposed  to  the  direct  heat  of  the  fire  or 
furnace,  however,  there  was  no  danger  of  destructive  action  due 
to  the  presence  of  such  solid  deposits.  They  could  be  in  a  large 
measure  held  in  check  by  the  use  of  precipitants,  with  periodical 
blowing  off  the  mud  from  the  boilers,  on  land,  or  by  the  use  of 
brine  chests  or  regular  blowing  off  a  portion  of  the  contents  of 
the  boilers,  so  as  to  regulate  the  density  of  the  water  in  the 
boiler,  in  marine  practice.  No  doubt  this  practice  was  more  or 
less  barbarous,  and  involved  in  several  ways  the  loss  of  heat  ; 
but  as  long  as  deposits  of  lime  or  magnesia  coated  the  inner 
surfaces  of  boilers  they  were  safe  from  corrosive  action  from 
within.  We  can  now  see  that  in  the  days  when  tallow  was 
allowed  to  find  its  way  in  almost  unlimited  quantities  from  the 
engines  to  the  boilers,  such  a  protection  must  have  been  of  real 

'  See  Trans.  Inst.  E.  and  S.  in  Scot.,  Vol.  xxii.,  pp.  51-78;  Trans.  Inst. 
Naval  Arch.,  Vol.  xxx.,  pp.  108,  109. 
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service  to  them.  These  were  not  the  days  when  the  last  thermal 
unit  was  demanded  from  the  fuel,  and  the  highest  efficiency  in 
both  boiler  and  engine  was  striven  for,  and  consequently  engi- 
neers and  shipowners  did  not  object  to  waste  a  few  tons  of  coal, 
and  to  get  on  with  fewer  horse-power,  or  less  speed,  so  long  as 
boilers  could  be  readily  worked,  and  easily  protected  when  out 
of  action.  At  the  same  time,  it  must  not  be  supposed  that 
engineers  knew  they  were  wasting  fuel,  or  working  more  ineffi- 
ciently than  was  necessary,  but  only  that,  certain  arrangements 
having  been  arrived  at,  by  means  of  the  ordinary  process  of 
selection  of  the  readiest  method,  there  was  no  pressing  reason 
for  seeking  improvement  by  the  inevitable  path  of  pain  and 
trouble.  According  to  the  law  of  progress,  however,  that  was 
bound  to  come,  and  the  improvement  of  the  steam  engine  and 
spread  of  the  science  of  thermo-dynamics  introduced  the  inevit- 
able. 

When  the  question  of  boiler  corrosion  came  to  be  faced,  there 
had  been  but  little  real  advance  made  by  way  of  examining  the 
main  subject  of  corrosion  of  metals.  Locomotive  engineers 
had  experienced  some  trouble  from  corrosion  in  their  boilers, 
but  the  principal  investigations  carried  out  in  connection  with 
the  subject  had  been  made  either  as  scientific  experiments  or  in 
view  of  the  durability  of  iron  structures,  such  as  bridges  or  ships. 

Undoubtedly  there  were  several  workers  in  this  field,  and 
some  isolated  facts  concerning  the  corrosion  of  iron  had  been 
observed.  The  reports  made  by  Mr.  R.  Mallet,  M.R.LA.,  to  the 
British  Association  (Reports  1838,  p.  253  ;  1840,  p.  221-308  ; 
and  1843,  p.  1-53)  give  a  useful  summary  of  the  information 
available  at  the  time  when  his  experiments  w^ere  undertaken. 
It  was  thus  made  known  that  dry  air  and  dry  oxygen  have  no 
action  on  iron  below  ignition  temperature,  that  pure  w^ater 
deprived  of  air  also  has  no  action  below  212°  F.,  and  that  at 
common  temperatures  air  and  water  combined  act  energetically 
in  producing  rusting  or  oxidation.  Professor  Bonsdorf,  of  Hel- 
singfors,  had  added  the  information  that  air  perfectly  dry,  or  air 
saturated  with  water  vapour,  if  free  from  carbonic  acid,  has  no 
action  on  iron  ;  but  where  both  are  present,  and  also,  as  above, 
in  contact  with  both  air  and  water,  there  is  active  oxidation. 
The  action  of  sea  water  at  different  depths  and  different  tempe- 
ratures was  also  to  some  extent  studied  ;  but  these  researches 


THE  MODERN  STEAM  BOILER.  323 

remained  but  little  known  until  1872,  when  Mr.  Mallet  read  a 
paper  on  "  The  Corrosion  and  Fouling  of  Iron  Ships  "  to  the 
Institute  of  Naval  Architects  (vol.  xiii.,  pp.  90-162).  Even  then, 
however,  the  application  of  these  researches  to  steam  boilers  did 
not  at  once  appear,  and  did  not,  consequently,  suggest  itself  to 
engineers. 

Such  papers,  moreover,  as  those  "  On  Surface  Condensation  in 
Marine  Engines,"  by  Mr.  Edward  Humphrys,  of  Deptford,  and 
"  On  the  Effects  of  Surface  Condensers  on  Steam  Boilers,"  by 
Mr.  James  Jack,  of  Liverpool,  in  Proceedings  of  the  Institution 
of  Mechanical .  Engineers,  1862,  page  99  ;  and  1863,  page  150, 
whilst  publishing,  or  eliciting  by  means  of  discussion,  the  main 
facts  as  to  the  corrosion  which  became  troublesome  in  boilers 
contemporaneously  with  the  use  of  surface  condensers,  served 
to  make  it  apparent  that  engineers  were  ignorant  both  of  its 
cause  and  of  a  remedy  for  it.  In  fact,  the  conclusion  emerging 
from  both  these  papers  and  discussions  is  that,  whilst  some 
corrosion  was  believed  to  be  due  to  fatty  acids  resulting  from 
decomposition  of  grease,  and  some  to  the  presence  of  particles 
of  brass  and  copper  in  the  boiler,  yet  the  real  cause  of  the 
corrosion  was  believed  to  be  the  "  distilled  water  itself,"  so  that, 
as  they  expressed  it,  "  by  constantly  boiling  the  same  water  over 
and  over  again  it  was  robbed  of  some  of  its  original  properties, 
or  became  otherwise  altered  in  quality  thereby,  so  as  to  produce 
the  serious  effects  that  were  experienced."  To  Faraday*  are 
due  the  suggestions  that  the  chloride  of  magnesium  in  sea  water 
is  capable  of  the  most  powerful  action  on  the  plates  of  boilers, 
and  that  voltaic  action  may  arise  in  a  boiler  through  the  contact 
of  copper  and  iron.  Others,  such  as  Mr.  F.  A.  Paget,  following 
R.  Mallet,  F.R.S.,  added  to  that  .the  idea  that  voltaic  action 
might  be  due  to  dissimilarity  in  composition  or  texture  between 
different  plates,  or  even  portions  of  the  same  plates,  in  a  boiler  ; 
and  one  observer  announced  that  the  steam  escaping  from  the 
safety  valve  of  a  boiler  using  sea-water  showed  a  distinctly  acid 
reaction,  some  of  the  corrosion  being  ascribed  to  this  as  a 
cause. 

The  first  direct  light  which  was  thrown  upon  the  subject  of 
corrosion  in  marine  boilers  was    obtained  from  some  careful 

*  Fifth  Report  of  the  Committee  of  the  House  of  Commons  concerning 
the  Holyhead  Roads,  p.  194. 
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experiments  carried  out  by  the  late  Professor  Grace  Calvert,  of 
Manchester,  whose  researches,  though  published  about  1866, 
were  for  a  long  time  considered  of  interest  only  to  chemists  to 
whom  they  were  known.  Calvert  showed  incontestably  the 
effect  of  oxygen  and  carbonic  acid  (carbon-dioxide)  on  metals 
in  presence  of  moisture,  and  demonstrated  that  distilled  water 
free  from  air  or  gases  (and  even  that  dry  oxygen  or  dry  carbonic 
acid)  has  no  corrosive  action  on  pure  iron  or  steel.  Mr.  W. 
Kent,  a  distinguished  member  of  the  Stevens  Institute  of  Tech- 
nology, at  an  early  date  recognised  the  practical  value  of  these 
investigations,  and  by  means  of  them  was  able  to  explain  satis- 
factorily the  corrosion  of  iron  railway  bridges  in  the  United 
States  of  America.'  Their  application  to  the  case  of  boilers 
was  tirst  pointed  out  by  the  author  of  this  work  in  1876,*  who 
quoted  (see  Appendix  III.,  pp.  616,  617)  in  support  of  them  the 
results  of  later  researches  by  Professor  A.  Wagner,  which  also 
established  the  fact  that  the  presence  of  chlorides  of  magnesium 
sodium,  calcium,  and  other  chlorides  mentioned  by  him,  caused 
the  rusting  of  iron,  their  action  being  greatly  increased  by  the 
concurrent  presence  of  air  and  carbonic  acid  in  solution  in  the 
water,  except  in  the  case  of  magnesium  chloride,  which  attacked 
iron  in  the  absence  of  air. 

In  the  same  paper  (See  Appendix  III., pp.  618,619)  the  results  of 
a  careful  examination  of  the  effects  of  grease  in  condensed  water 
on  boilers  were  given,  so  that  the  range  of  that  action  should  be 
understood  ;  and  some  notice  will  be  found  in  it  of  the  subjects 
of  the  decomposition  of  the  chlorides  in  sea-water,  of  the 
presence  and  liberation  of  carbonic  acid  therein  under  the  action 
of  heat  and  pressure,  and  of  the  possibility  of  galvanic  action 
being  to  a  limited  extent  due  to  particles  of  copper  and  brass 
from  the  engines  carried  into  the  boilers. 

About  twelve  months  after  the  appearance  of  the  author^s 
paper  "  On  Boiler  Incrustation  and  Corrosion,"  or  in  August, 
1877,  the  third  Report  of  the  Admiralty  "  Committee  appointed 
to  inquire  into  the  causes  of  the  deterioration  of  boilers/'  etc., 

•  See  the  Etiginecr  of  Aug.  13th,  1875. 

'  "  On  Boiler  Incrustation  and  Corrosion,"  by  F.  J.  Rowan,  read  before 
Section  G,  British  Association,  Glasgow,  1876,  and  recommended  for  pubhca- 
tion  by  Section  G.  As  this  paper  is  out  of  print,  it  is  reproduced  in 
Appendix  III. 
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was  issued  (the  previous  two  reports  having  been  of  a  preliminary 
character),  and  in  it  the  results  of  their  protracted  inquiry  were 
given,  as  well  as  the  conclusions  at  which  they  had  arrived  as  to 
the  causes  of  corrosive  action.  This  third  Report  emphasised 
the  same  facts  which  had  already  been  published  by  the  author, 
but  advanced  no  new  views  as  to  the  sources  of  corrosion.  Since 
the  latter  date  (August,  1877)  papers  on  this  subject  have  been 
written  by  Mr.  D.  Phillips,*  formerly  an  engineer  on  the  Admiralty 
Committee,  by  Mr.  J.  Farquharson,*  who  conducted  experiments 
for  the  second  Committj^e  (which  was  a  departmental  one)' 
appointed  to  carry  on  the  investigation  after  the  first  Committee 
was  dissolved  ;  by  Mr.  W.  J.  Norris,'  Mr.  W.  Parker,*  Mr.  J.  B. 
Dodds,*  Prof.  V.  B.  Lewes,«  Mr.  J.  H.  Hallett,'  Mr.  C.  C. 
Lindsay,  Mr.  Sinclair  Couper,^  and  others,  and  reports  have  been 
issued  by  the  second  or  departmental  Committee  of  the  Admiralty. 
An  interesting  paper  on  "  Feed-water,  its  Effect  on  Steam  Boilers 
and  its  Treatment,"  read  by  Mr.  E.  G.  Constantine,  M.I.M.E.,  to 
the  Manchester  Association  of  Engineers,  in  April,  1890,  may  be 
consulted  ;  the  papers  by  Mr.  Thos.  Andrews,  F.R.S.E.,  on 
*^  Galvanic  Action,  etc.,"  in  Trans.  Roy.  Soc.  Edin.,  and  in  Min. 
Proc.  Inst.  C.E.,  should  be  carefully  considered  ;  and  also  an  im- 
portant paper  by  Mr.  Thos.  Turner,  A.R.S.M.,  F.I.C.,  Lecturer  on 
Metallurgy  at  Mason's  College,  Birmingham,  on  "  The  Corrosion 
of  Iron  and  Steel,"  read  to  the  South  Staffordshire  Inst,  of  Iron 
and  Steel  Works  Managers  in  February,  1894. 

Relative  Corrosion  of  Iron  and  Sleel. — The  investigations  and 
papers  by  Mr.  Phillips,  Mr.  Farquharson,  and  Mr.  Parker,  were 
occupied  principally  with  the  question  of  the  comparative  rates 
of  wasting  or  corrosion  in  iron  and  mild  steel,  and  it  appeared 
that,  in  general,  mild  steel,  perhaps  on  account  of  its  purity,  is 

'  Min.  Proc.  Inst.  C.  E.,  Vols.  Ixv.,  pp.  73-97  and  98-138,  and  Vol.  Ixxxv. 
P-  295- 
»  Trans.  Inst.  N.  A.,  Vol.  xxiii.  (1882),  pp.  143-150. 

*  Trana.  Insl.  N.  A.,  Vol.  xxiii.,  pp.  151-162. 

*  Jour.  Iron  and  Steel  Inst.,  1879,  p.  53  and  188 1,  p.  49. 

*  Trans.  N.E.  Coast  Inst.  Eng.  and  S.,  Vol.  v.,  p.  195. 

*  Trans.  Inst.  N.  A.,  Vol.  xxviii.,  p.  247,  Vol.  xxx.,  pp.  330-362,  and  Vol. 
xxxii.,  p.  67. 

'  Proc.  Inst.  Mech.  Eng.,  1884,  p.  33i- 

"Trans.  Inst.  E.  and  S.  in  Scotland,  Vol.  xl.,  pp.  41  106,  Vol.  xxiv., 
pp.  77-118. 
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more  liable  to  rapid  oxidation  than  wrought  iron,  as  wrought 
iron  in  this  matter  precedes  cast  iron.  When,  however,  both 
wrought  iron  and  steel  plates  were  used  in  the  same  structure,  or 
where  steel  plates  were  fastened  with  wrought-iron  rivets,  the 
results  were  conflicting  ;  in  some  cases  the  steel,  and  in  others 
the  iron,  showed  the  greater  amount  of  corrosion. 

As  the  main  question  here  is  not  steel  versus  iron,  but  is  the 
action  of  corrosion  and  how  to  prevent  it,  we  must  practically 
pass  over  these  papers  and  many  experiments  made  by  or  at  the 
instance  of  both  Committees  on  boilers.  The  main  facts  as  to 
the'  relative  corrosion  of  iron  and  steel  have  been  well  sum- 
marised by  Mr.  Turner  in  the  paper  referred  to.  The  following 
is  an  extract  from  it  : — 

"  The  differences  of  opinion  on  this  subject  have  arisen,  the 
author  believes,  on  account  of  conclusions  being  drawn  from 
limited  observation,  or  special  circumstances  ;  while  much  con- 
fusion has  arisen  from  failing  to  recognise  that  the  conditions  in 
fresh  water,  salt  water,  the  interior  of  a  boiler,  or  in  diluted 
acids,  are  all  different,  and  that  a  specimen  which  may  very 
successfully  resist  corrosion  in  one  of  these  cases  may  readily 
>xidize  in  another.  On  account  of  the  greater  uniformity  in  the 
physical  properties  of  steel,  and  the  laminated  character  of  iron, 
it  was  anticipated  in  the  early  days  of  the  use  of  mild  steel  that 
it  would  resist  corrosion  much  better  than  wrought  iron.  Thus 
Sir  L.  BelP  expressed  the  opinion  that  the  cinder  in  wrought- 
iron  rails  would  set  up  galvanic  currents,  and  thus  lead  to  more 
rapid  corrosion.  Experience  has  however  shown  that  on  lines 
where  there  is  very  little  traffic,  and  the  chief  agent  of 
destruction  is  corrosion,  wrought-iron  rails  wear  better  than 
steel. 

*^  The  result  of  the  experiments  of  the  Admiralty  Committees 
which  were  appointed  to  consider  the  causes  of  the  deterioration 
of  boilers,  and  which  issued  Reports  in  1877  and  1880,  led  to 
the  conclusion  that  in  all  cases  wrought  iron  resisted  corrosion 
better  than  steel.  Where  the  conditions  were  not  severe  the 
differences  observed  were  not  great  ;  but  where  the  plates  were 
daily  dipped  in  water,  and  exposed  during  the  rest  of  the  time 
to  the  action  of  the  atmosphere,  the  superiority  of  iron  was  ver}'' 

^  Jour.  Iron  and  Steel  Inst.,  Vol.  i.,  1878,  p.  97, 
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marked  ;  while  common  iron  was  less  affected  by  corrosion 
than  best  Yorkshire  iron,  which  is  in  accordance  with  the 
statement  of  Gmelin  that  phosphorus  diminishes  corrosion  in 
iron.  The  following  percentages  in  favour  of  iron  were  obtained 
in  these  experiments  : — 

Common  iron  resisted  corrosion  better 

than  Yorkshire  iron    ...         ...         ...     96  per  cent. 

Yorkshire  iron  resisted  corrosion  better 

than  mild  steel  160       „ 

**  In  another  series  of  experiments,  conducted  by  Mr.  D. 
Phillips,  in  Cardigan  Bay,  and  lasting  for  seven  years,  it  w^as 
found  that  the  average  corrosion  of  mild  steel  during  the  whole 
period  was  126  per  cent,  more  than  wrought  iron.^  Indepen- 
dent experiments  conducted  by  Mr.  T.  Andrews*  also  showed 
that  wrought  iron  corroded  less  rapidly  than  mild  steel,  when 
the  cleaned  metallic  surfaces  were  exposed  to  the  action  of  sea- 
water.  The  conclusions  of  the  Admiralty  Committee  and  of 
Mr.  Phillips  aroused  much  adverse  criticism,  and  it  was  shown 
that  though  steel  is  more  affected  by  ordinary  atmospheric 
corrosion,  it  is  not  usually  more  affected  w^hen  in  the  form  of  a 
steel  boiler.  This  was  stated  by  Mr.  W.  Parker,'  who  based 
his  conclusions  on  the  result  of  over  1,100  actual  examinations 
of  boilers  ;  and  his  observations  were  confirmed  by  experienced 
makers  and  users  of  boilers,  who  took  part  in  the  discussion  of 
his  paper." 

Sir  W.  Siemens  also  stated  that  experiments  at  Landore  had 
shown  similar  results,  and  Sir  H.  Bessemer*  bore  testimony  to  the 
same  effect,  while  **  Mr.  W.  John,*  as  the  result  of  considerable 
experience  in  the  construction  of  ships,  stated  that  the  protection 
of  mild  steel  ships  from  corrosion  was  purely  a  question  of  care 
and  maintenance,  and  the  correctness  of  this  view  has  been  fully 
proved  in  the  interval  that  has  since  elapsed. 

**  It  is  generally  believed  that  the  presence  of  manganese  in  steel 
increases  the  readiness  with  which  it  rusts  or  corrodes. 

»  Min.  Proc.  Inst.  C.  £.,  Vol.  Ixv.,  p.  73  ;  Proc.  Inst.  Mar.  Eng.,  May,  1890. 
»  Min.  Proc.  Inst.  C.  E.,  Vol.  Ixxvii.,  p.  323,  Vol.  Ixxxii.,  p.  281. 
'  Jour.  Iron  and  Steel  Inst.,  Vol.  i.,  1881,  p.  39. 

*  Min.  Proc.  Inst.  C.  E.,  Vol.  Ixv.,  p.  loi.  . 

*  Jour.  Iron  and  Steel  Inst.,  Vol.  i.,  1884,  p.  151. 
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*'  This  view  was  held  by  Sir  W.  Siemens/  who  stated  that  as 
manganese  in  mild  steel  increased,  so  the  tendency  to  corrode 
became  greater ;  while  Mr.  G.  J.  Snelus*  has  ascribed  the  *  pitting' 
in  steel  to  the  irregular  distribution  of  manganese  in  the  metal." 

The  experiments  of  Faraday  led  him  to  the  conclusion  that 
most  of  the  alloys  of  steel  with  other  metals  corrode  less  readily 
in  moist  air  than  unalloyed  steel  ;  but,  according  to  Mallet,*  the 
alloys  of  potassium,  sodium,  barium,  aluminium,  manganese, 
silver,  platinum,  antimony  and  arsenic  with  iron,  corrode  more 
rapidly  than  pure  iron  ;  while  the  presence  of  nickel,  cobalt,  tin, 
copper,  mercury  and  chromium  affords  protection,  the  effect 
being  in  each  case  in  the  order  given. 

Later  French  writings  confirm  this  as  regards  the  presence  of 
nickel. 

Evidence  of  Bias  in  Papers. — Regarding  the  later  writings  on 
boiler  corrosion,  a  curious  phenomenon  is  often  seen  in  the 
publications  or  papers  dealing  with  this  subject.  An  author 
desires  to  show  that  corrosion  in  boilers  always  proceeds  from 
one  particular  cause,  w^hich  he  is  satisfied  is  the  true  one.  He 
thereupon  gives  details  or  descriptions  of  other  causes  which 
have  been  suggested  by  others,  and  is  careful  to  call  them 
'•  theories,"  in  an  objectionable  way,  i.e,y  with  the  view  of  dis- 
crediting them  out  of  hand  or  of  prejudicing  opinion  about  them. 
He  then  selects  examples  of  corrosion  which  do  not  fit,  and 
doubtless,  were  never  supposed  to  fit,  any  of  these  so-called 
"  theoretical  "  causes,  but  which  do  fit  in  wuth  the  one  which  he 
has  selected  for  approval,  and  thus  he  conclusively  proves  his 
point  and  triumphantly  dismisses  the  defamed  *'  theories."  A 
little  consideration  would,  however,  show  that  it  is  never  sup- 
posed by  any  who  have  studied  the  subject  that  there  is  one 
universal  cause  for  all  instances  of  corrosion,  or  that  any  special 
cause  dominates  every  case  unless  an  exceptional  one.  There 
are  several  causes  or  agencies  usually  at  work,  and  not  all  are  to 
be  found  operative  in  any  one  case,  nor  are  the  same  ones 
operative  in  each  case.  Usually  certain  causes  are  more  promi- 
nently found  in  one  case,  and  different  ones  in  another  ;  the 
conditions  under  which  the  individual  boiler  is  worked  having 

^  Jour.  Iron  and  Steel  Inst,  Vol.  i.,  1878,  p.  44. 
'  Jour.  Iron  and  Steel  Inst.,  Vol.  i.,  1881,  p.  66. 
»  B.  A.  Reports,  1838,  p.  266. 
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naturally  a  great  influence  on  the  special  kind  of  action  to  which 
it  becomes  subject. 

Another  thing  becomes  evident  on  a  survey  of  the  literature  of 
corrosion,  and  that  is  that  the  answer  to  the  objections  or 
difficulties  of  one  author  or  investigator  is  usually  to  be  found  at 
hand  in  the  work  of  another,^  not  seldom  having  been  published 
before  the  appearance  of  the  objection. 

Galvanic  Action. — It  is  remarkable  that  in  the  records  of  all 
the  earlier  researches  into  corrosive  action,  the  greatest  stress 
was  laid  upon  voltaic  action,  or  what  was  termed  the  action  of 
galvanic  currents,  as  being  the  prime  cause  of  corrosion.  This 
was  usually  expressed  in  such  a  way  as  to  convey  the  idea  that 
the  mere  presence  of  dissimilar  metals,  or  qualities  of  metal,  in 
contact,  is  enough  to  start  corrosive  action,  and  that,  as  even  a 
modern  chemist  has  expressed  it,  *'  there  must  be  great  chemical 
action  due  to  the  formation  of  a  galvanic  current."  While,however, 
it  is  true  that  the  passage  of  an  electric  current  through  a  liquid 
between  metals  or  bodies  of  opposite  relations,  considered  elec- 
trically, causes  chemical  action  to  take  place  by  which  one 
element  becomes  corroded  or  eaten  away  ;  yet  the  analogy  of  a 
galvanic  cell  shows  that  it  is  the  chemical  action  which  causes 
the  appearance  of  an  electric  current,  so  that  to  say "  the 
chemical  action  due  to  the  formation  of  a  galvanic  current," 
seems  to  reverse  the  proper  order.  No  one  can  say  that  the 
•statement  is  wrong,  nevertheless,  because,  for  all  that  we  know, 
the  electric  may  be  the  initiatory  and  directive  form  of  the 
energy  which  first  becomes  sensible  to  us  as  chemical  action. 
Where  there  is  such  chemical  action  proceeding  as  the  union  of 
a  metal  (such  as  iron)  with  oxygen,  resulting  in  the  formation  of 
oxide,  there  is  certain  to  be  the  evidence  of  more  or  less  heat 
and  electricity.  When  under  such  circumstances  electrically 
dissimilar  metals  or  substances  are  present  in  contact,  the  effect 
of  that  arrangement  is  to  determine  the  direction  of  flow  of  the 
electrical  energy,  which  becomes  apparent  as  current,  so  that  the 
electro-positive  element  becomes  the  one  which  suffers  most  from 
the  chemical  action.  It  has,  however,  been  proved  that  in  some 
cases — and  the  oxidation  or  rusting  of  iron  is  one  of  them — the 
accumulation  of  oxygen  at  the  positive  pole  has  the  effect  of  in 
time  polarising  the  galvanic  couple  and  the  action  is  hindered  if 
not  reversed.     In  some  instances  of  corrosion  a  reversal  of  the 
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direction  of  the  electrical  current  has  been  noticed.  It  was 
pointed  out  by  Mr.  D.  Phillips  *  that  while  in  some  cases  much 
local  action  had  been  observed  when  iron  rivets  had  been  used 
in  steel  boilers,  there  were  numerous  cases  of  such  construction 
where  no  injurious  effects  had  been  noticed.  Some  experiments 
communicated  to  the  Institution  of  Marine  Engineers  by  Mr.  J. 
Farquharson  *  showed  that  while  some  steel  plates  which  were 
tested  alone  "  lost  about  12  ounces  by  corrosion  and  iron  platen 
when  similarly  tested  lost  about  1 1  ounces,  if  the  two  dissimilar 
plates  were  in  electric  contact,  the  steel  lost  only  about  4  ounces, 
while  the  iron  lost  21  ounces,"  showing  that  in  this  case,  at  all 
events,  the  iron,  from  whatever  cause,  acted  as  electro-positive 
to  the  steel.  Mr.  \V.  Denny'  also  recorded  the  case  of  a  steel 
ship  in  which  the  corrosion  shown  was  "  not  in  the  steel,  but  in 
the  iron  stern-frame  and  rudder  forgings  and  in  some  small  iron 
plates  on  the  rudder,  the  large  steel  plates  of  the  rudder  and  the 
whole  shell  plating  of  the  ship,  which  was  of  steel,  being 
perfectly  free  from  corrosion."  On  the  other  hand  Mr.  B. 
MartelP  instanced  the  case  of  a  steel  ship  which  he  had 
examined  in  the  North  of  England  (when  hauled  up  on  a  slip- 
way after  less  than  a  year's  employment  at  sea)  as  having  shown 
rapid  deterioration  of  the  steel  plates  where  they  had  been 
exposed  alternately  to  sea-water  and  to  air.  "  The  vessel  was 
riveted  with  iron  rivets,  and  he  found  that  between  the  light- 
water  mark  and  the  load-water  mark,  which  was  alternately  wet' 
with  sea-water  and  then  dry  and  exposed  to  the  air,  a  rapid 
deterioration  had  taken  place  as  compared  with  the  other  parts 
of  the  vessel,  and  with  iron  vessels  ;  in  fact,  the  steel  round  the 
rivets  had  wasted  to  a  considerable  extent,  so  that  the  rivet 
points  were  protruding  some  distance  beyond  the  steel.  He 
thought  it  might  probably  be  due  to  galvanic  action."  It  is 
evident  that,  as  Mr.  Turner  has  suggested,  the  explanation  of 
the  apparently  contradictory  results  noticed  by  previous  obser\'ers 
is  probably  to  be  found  in  the  observations  by  Mr.  T.  Andrews  * 

*  Proc.  Inst.  Marine  Enjj.,  May,  1890. 

*  Proc.  Inst.  Marine  En^.,  March,  1882. 

3  Jour.  Iron  and  Steel  Inst.,  Vol.  i.,  188 1,  p.  63. 

*  Min.  Proc.  Inst.  C.  E.,  Vol.  Lxv.,  p.  103. 

5  Min.  Proc.  Inst.  C.  E.,  Vol.  Ixxvii.,  pp.  323-334.     See  also  Trans.  Roy.  Soc. 
Kdin.,  Vol.  xxxii..  pp.  204-218. 
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in  the  course  of  some  experiments  on  the  galvanic  action 
between  different  varieties  of  iron  and  steel  during  exposure  to 
sea-water.  **ln  these  experiments  metal  of  known  chemical 
composition  was  employed  in  the  form  of  round  rods  which 
were  carefully  turned  and  polished  before  use.  The  rods  were 
immersed  in  sea-water  in  a  standard  cell,  together  with  a 
standard  rod  of  wrought  iron,  and  frequent  observations  of  the 
electro- motive  force  of  the  couple  were  made  with  a  delicate 
galvanometer.  Though  it  was  observed  that  the  standard 
wrought-iron  was  electro-negative  to  all  the  samples  tested,  it 
was  also  noticed  during  a  lengthy  course  of  experiments,  that  a 
complete  interchange  of  electro-chemical  position  occurred  in 
the  case  of  every  metal  at  various  times  during  the  observations. 
These  interchanges  of  position  sometimes  took  place  even  after 
considerable  intervals,  and  it  is  doubtful  whether  a  permanent 
position  of  rest  finally  ensues  between  the  two  metals,  though 
eventually  the  galvanic  action  becomes  very  small."  These 
results  were  afterwards  corroborated  by  some  gravimetrical 
experiments  carried  out  by  Mr.  Andrews  and  communicated  to 
the  Inst.  C.  E.^  There  is  little  doubt  that  they  supply  the 
explanation  sought  for. 

Mr.  Andrews  also  communicated  the  results  of  a  series  of 
experiments  to  the  Royal  Society  of  Edinburgh  *  which  showed 
that  **  wrought-iron  and  steels  are  not  static  in  their  electro- 
chemical positions,  and  when  immersed  in  sea-water,  or  other 
solutions,  in  connection  with  each  other,  cannot  exactly  be 
regarded  as  constant  elements.  The  relative  electro-chemical 
position  is  also  varied  according  to  the  nature  of  the  solutions 
employed." 

Full  details  of  the  chemical  constitution  and  physical  properties 
of  the  various  specimens  of  steel,  wrought  and  cast-iron  used  in 
the  tests,  are  given  in  a  series  of  Tables  in  Mr.  Andrew^s'  paper, 
which  must  be  consulted  for  these  details.  Tables  of  the 
galvanic  tests,  and  curves  graphically  representing  the  results, 
are  also  given,  and  these  show  that  although  the  galvanic  action 
is  usually  vigorous  on  starting  with  bright  and  clean  surfaces,  yet 
the  accumulation  of  oxide  soon  diminishes  its  activity  and 
frequently  reversals  of  polarity  become  evident. 

1  Min.  Proc.  Inst.  C.  £.,  Vol.  Ixxxii.,  p.  281.     See  also  Vol.  cxviii.,  p.  356. 
•Transactions,  Vol.  xxxii.,  pp.204-218. 
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In  general,  in  sea-water,  all  the  steels  as  well  as  the  wrought 
iron  and  cast  iron  appeared  on  first  being  immersed  to  be 
negative  to  zinc  rods,  when  these  formed  the  other  member  of 
the  couples. 

Soft  Siemens- Martin  steel,  cast  iron  and  Tungsten  steel  appeared 
to  be  positive  to  the  wrought-iron  standard  bar  employed  by  Mr. 
Andrews,  whilst  both  hard  and  soft  Firth's  steel,  Bessemer  steel, 
puddled  steel  and  puddled  steel  chilled  were  electro-negative  to 
the  wrought  iron. 

All  these  metals  without  distinction  appeared  on  immersion  in 
sea-water  to  be  positive  to  bars  of  iron  coated  with  the  oxide 
from  the  rolling  mills. 

In  acid  colliery  water  all  the  metals  were  negative  to  zinc  ; 
all  were  negative  to  the  wrought-iron  bars,  except  Tungsten  steel, 
which  was  first  positive  and  afterwards  negative.  All  were 
positive  to  bars  coated  with  iron  scale. 

In  sea-water  also  all  the  metals  in  the  form  of  plates  with 
bright  surfaces  were  positive  to  bright  copper  plates. 

A  series  of  plates  were  prepared  bent  in  the  form  of  an 
inverted  U  (thus  n)>  having  one  limb  poHshed  bright,  and  the 
other  coated  with  mill  scale,  and  these  were  immersed  in  sea- 
water  in  porous  cells  and  coupled  together  in  series  electrically. 
The  bright  side  was  invariably  positive  to  that  coated  with  oxide, 
and  the  action  was  at  first  energetic  between  them,  but  in  the 
course  of  about  four  days  the  current  diminished  and  died 
away  to  almost  nothing. 

*'  It  may  therefore  be  concluded,*'  writes  Mr.  Turner,  "  that 
though  with  dissimilar  metals,  such  as  cast  iron  and  wrought 
iron,  the  galvanic  action  may  be  considerable,  in  the  case  of 
materials  which  are  more  alike,  such  as  wrought  iron  and  mild 
steel,  it  is  exceptional  for  the  corrosion  from  galvanic  action  to 
be  very  great,  although  its  occurrence  should  never  be  over- 
looked ;  and  when  this  action  does  occur,  though  it  usually  leads 
to  the  corrosion  of  the  steel,  yet  it  not  infrequently  has  a 
contrary  influence.  The  danger  of  greatly  increased  corrosion 
with  dissimilar  metals  is  much  diminished  by  their  tendency  to 
polarize  each  other's  action,  and  thus  lead  to  an  inter- 
change of  electro-chemical  position.  Galvanic  action  between 
wrought  iron  and  steels  also  appears  to  be  materially  reduced 
in     course    of     time,    otherwise    the    liability    to     destructive 
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corrosion,    though   never    inconsideiable,   would    be    more    for- 
midable." 

Influence'  0/  Stress  on  Corrosion. — We  are  indebted  to  Mr. 
Andrews'  for  the  further  research- which  has  demonstrated  the 
effect  of  stress  on  corrosive  action.  It  was  known  that  stress, 
whether  tensile,  flexional,  torsional,  or  of  any  other  kind,  consider- 
ably alters  the  physical  properties  of  iron  and  steel ;  increases 
the  rigidity  of  both  iron  and  steel,  and  renders  the  metal  harder, 
also  greatly  reducing  its  properties  of  elongation  or  ductility. 
"  A  higher  tonnage  is  required  to  break  a  *  strained '  than  an 
*  unstrained '  portion  of  the  same  metal.  A  tensile  stress  applied 
to  a  wrought- iron  shaft,  producing  an  elongation  of  only  2  per 
cent,  increased  the  tensile  resistance  of  the  metal  2  66  per  cent." 
"  It  is  manifest,"  Mr.  Andrews  remarked,  *^  that  the  stresses, 
applied  to  the  metals  examined  for  corrosion,  altered  their 
structure,  rendered  them  harder  in  nature,  and  hence  less  liable 
in  the  strained  condition  to  be  acted  upon  by  sea-water,  or  other 
waters,  than  in  their  ordinary  or  softer  condition.  The  experi- 
ments, however,  indicated  that  an  increased  total  corrosion,  in 
excess  of  the  normal  corrosibility  of  the  metal,  occurs  in  a 
metaHic  bridge,  vessel,  boiler,  or  other  structure  from  the  action 
of  the  local  galvanic  currents  which  were  shown  to  be  induced 
between  '  strained '  and  *  unstrained  *  portions  of  even  the 
same  piece  of  iron  or  steel  forging,  bar,  or  plate.  Hence  a 
strain  occurring  in  a  metallic  structure  tends,  owing  to  the  local 
galvanic  action  thus  set  up,  to  increase  any  corrosive  forces 
which  may  be  deteriorating  the  metal  of  which  it  is  composed." 
The  explanation  of  the  corrosion  of  ship's  plates  between 
punched  rivet  holes  may  be  found  in  this,  and  reflectively 
it  supplies  an  argument  against  punching.  Such  researches 
throw  needed  light  upon  the  causes  which  determine  the  course 
and  the  rapidity  of  corrosive  action,  but  it  must  be  remembered 
that  were  all  other  elements  of  chemical  action  absent,  the  mere 
presence  of  dissimilar  electro- chemical  or  physical  qualities  in 
metals  in  contact  could  not  of  itself  create  corrosive  action. 
That  is  to  say,  that  if  dissimilar  metals  or  qualities  of  metal  were 
in  metallic  contact,  and  immersed  in  a  liquid  which  has  no 

*  Mill.  Proc.  Inst.  C.  E.,  Vol.  cxviii.,  p.  356.  See  also  Proc.  Royal  Soc,  Vols, 
xlii.,  459  ;  xliv.,  152  ;  xlvi.,  176  ;  lii.,  114  ;  Proc.  Fed.  Inst.  Mining  Engineers, 
Vol.  i.,  191  ;  Min.  Proc.  Inst.  C.E.,  Vols.  Ixx.xvii.,  340  ;  xciv.,  180  ;  cv.,  161. 
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chemical  action ,  or  contains  no  gases  which  have  chemical 
action,  on  the  metal,  there  would  not  be  any  evidence  of 
galvanic  current.  But,  conversely,  where  chemical  action  is 
present,  combined  with  electro-chemical  dissimilarity,  there  must 
be  galvanic  action,  in  spite  of  such  reasoning  as  that  of  Mr.  W. 
J.  Norris*  to  the  contrary.  The  distinguishing  characteristics 
of  chemical  action  that  is  entirely  local  and  of  that  which  is,  or 
may  become  voltaic,  are,  of  course,  not  entered  into  here. 

Influence  of  Mill  Scale  or  Oxide, — The  presence  of  mill  scale, 
or  that  quality  of  black  oxide  which  is  produced  in  rolling  mill 
or  forge  furnaces,  on  the  surface  of  iron  or  steel,  has  been  found 
to  be  an  active  cause  of  the  production  of  galvanic  currrents  in  a 
sense  adverse  to  the  metal  plates  to  which  the  scale  adheres. 

Electrical  Activity  of  Oxides. — Mr.  Andrews*  experiments  demon- 
strate the  reason,  and  the  fact  that  damage  is  caused  when  such 
scale  is  present  is  abundantly  testified  to  by  Mr.  W.  Parker,* 
Sir  N.  Barnaby,'  Sir  W.  H.  White,*  Mr.  J.  Farquharson,*  and 
Professor  V.  B.  Lewes.*  The  latter  made  some  interesting  tests, 
comparing  the  electrical  activity  of  the  oxides  wdth  that  of  the 
metal.  "  Some  steel  plates,  4  inches  by  i  inch,  were  cut  from 
the  same  sheet  and  were  faced  on  one  side.  On  the  pohshed 
surface  of  one  a  piece  of  thin  blotting-paper  was  laid,  so  as  to 
entirely  cover  it,  and  project  half  an  inch  beyond  its  edges. 
This  was  wetted  with  sea-water,  and  the  other  plate,  with  its 
polished  face  downwards,  was  placed  on  the  wet  paper,  so  that 
the  two  polished  steel  faces  were  separated  by  the  blotting- 
paper  soaked  with  sea- water.  Wires  were  then  placed  in  contact 
with  the  dry  backs  of  the  plates,  and  fixed  in  position  by  a  dry 
wooden  clamp.  On  connecting  this  couple  with  a  Thomson's 
marine  reflecting  galvanometer,  a  deflection  of  20°  on  the  scale 
was  obtained.  The  upper  plate  was  then  raised,  and  smeared 
over  with  a  thin  paste  of  magnetic  oxide  mixed  with  sea-water. 
It  was  then  replaced  in  position,  giving  a  deflection  of  112°  on 

1  See  Trans.  Inst.  N.  A.,  Vol.  xxiii.  {1882),  pp.  151-161  ;  also  Engineering^  28th 
July,  1882,  page  96. 

»  Jour.  Iron  and  Steel  Inst.,  Vol.  i.,  188 1,  pp.  48-53- 
'  Jour.  Iron  and  Steel  Inst.,  Vol.  i.,  1879,  p.  53. 

*  Jour.  Iron  and  Steel  Inst.,  Vol.  i.,  1881,  p.  68. 

*  Min.  Proc.  Inst.,  C.  E.,  Vol.  Ixv.,  p.  105. 

«  Trans.  Inst.  N.  A.,  Vol.  xxviii.,  1887,  p.  247  ;  Jour.  Iron  and  Steel  Inst., 
Vol.  i.,  1887,  p.  461. 
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the  scale.  The  plates  were  then  carefully  cleaned  and  dried; 
fresh  blotting-paper,  moistened  with  sea-water,  was  placed 
in  position,  and  the  upper  plate  was  smeared  with  hydrated 
ferric  oxide  and  sea- water  and  placed  upon  it.  This  gave 
a  deflection  of  65°  ;  whilst  hydrated  ferrous  oxide  only 
gave  a  deflection  of  25°,  or  very  little  more  than  the  plates  by 
themselves  ;  portions  of  a  rust  cone  treated  in  the  same  way  gave 
a  deflection  of  110°.  In  each  case  the  reading  was  taken  imme 
diately  the  needle  came  to  rest,  and  in  all  cases  the  curren 
rapidly  diminished,  but  generally  recovered  again  on  standing 
in  circuit.  A  small  cell  made  of  crushed  rust-cones  from  H.M.S 
'  Inflexible,*  after  standing  on  short  circuit  for  a  week,  gave  a 
constant  deflection  of  108°.  These  deflections  were  all  much 
increased  on  using  sea-water  through  which  carbonic  acid  and 
air  had  been  passed."  This  latter  only  showed  that  the  water 
was  thus  made  a  more  active  corroding  agent,  because  as  the 
chemical  action  increases  in  intensity  so  the  display  of  electrical 
energy  is  more  pronounced.  From  these  data  Professor  Lewes 
concluded  that  it  is  easy  to  explain  the  formation  of  rust  cones, 
and  the  consequent  or  concurrent  pitting  of  the  plates  of  ships. 
"  On  the  metal  of  the  ship  there  is  a  small  particle  of  moist  rust 
left  when  the  ship  was  last  scraped,  or  else  formed  by  a  particle 
of  some  foreign  metal,  or  the  perishing  of  the  protective.  The 
moist  rust  forms  a  galvanic  couple  with  the  iron,  and  slowly 
decomposes  the  moisture  ;  the  oxygen  oxidising  the  iron.  The 
hydrogen,  on  the  other  hand,  gently  pushes  up  the  protective 
and  anti-fouling  coats,  forming  a  small  blister.  The  sea-water 
leaks  in,  an  active  galvanic  current  is  produced,  and  the  blister 
slowly  fills  with  the  rust  resulting  from  that  action.  The  con- 
tinuation of  the  action  gives  the  larger  rust  cones.  This  process 
being  independent  of  the  oxygen  dissolved  in  the  sea-water,  and 
the  amount  of  water  present  being  small,  the  corrosion  gives  rise 
to  the  ferrous  as  well  as  the  ferric  oxide." 

On  this  subject  Mr.  W.  John  *  recorded  "  the  case  of  a  steel 
ship  which  had  been  launched  just  six  weeks  and  then  docked, 
to  receive  her  engines  and  boilers  ;  and  although  she  had  been 
carefully  painted  before  launching,  with  a  good  composition 
specially  chosen  by  the  owners,  many  of  the  plates  presented  a 

*  Jour.  Iron  and  Steel,  Inst.,  Vol  i.,  1884,  pp.  138-181. 
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most  curious  appearance  of  pitting.  They  were  scattered  about 
in  some  parts  without  any  apparent  connection,  and  in  others, 
the  little  mole-hills  of  rust  seemed  to  have  an  order  of  their  own, 
either  in  curves  or  straight  lines.  He  was  so  much  struck  with 
the  case  that  he  examined  it  very  thoroughly,  and  as  the  rust 
dried  in  the  Httle  mounds  he  carefully  scraped  a  number  of 
these  off  with  a  knife,  without  injuring  the  paint."  It  then 
appeared  that  although  the  rust  was  formed  into  little  hemis- 
pheres of  about  I'm.  diameter  outside  the  paint,  the  hole  in  the 
paint  was  not  more  than  the  size  of  a  pin  head,  and  that  in  each 
case  it  was  easy  to  pick  out  a  loose  particle  of  black  oxide  em- 
bedded in  a  little  pit  in  the  plate,  so  that  the  active  cause  of  the 
local  action  was  very  apparent.  Although  these  results  have 
been  obsened  in  the  case  of  iron  or  steel  ships  immersed  in  sea- 
water,  yet  they  are  no  doubt  analogous  to  those  often  noticed  in 
the  case  of  boiler  plates  or  tubes.  And  even  wiiere  the  elements 
of  galvanic  action  may  not  be  present  in  any  marked  degree,  yet 
the  chemical  processes  involved  in  the  corrosion  or  pitting 
require  very  few  conditions  for  their  being  present  in  activity. 

Summary  of  Chemical  Processes  Involved. — These  conditions 
have  been  referred  to  already,  but  may  be  reviewed  in  the  form 
of  the  summary  due  to  Professor  Crum  Brown.*  "  Liquid  water, 
quite  free  from  dissolved  gases,  does  not  act  on  iron  at  ordinary 
temperatures.  At  high  temperatures,  very  rapidly  at  a  red  heat, 
iron  is  oxidised  by  water  or  water  vapour,  and  is  converted  into 
the  magnetic  oxide  of  iron.  This  magnetic  oxide  is  found  on 
the  surface  of  the  iron  as  an  adherent  coating,  and  only  when  it 
is  detached  can  the  water  gain  access  to  lower  layers  of  the 
iron. 

*'  Oxygen  gas  alone  does  not  act  at  ordinary  temperatures  on 
iron.  At  high  tenipenitiues  it  also  converts  the  iron  into  the 
magnetic  oxide  wliich  forms  an  adherent  coating.  The  same  is 
the  case  with  carbonic  acid  gas,  acting  alone.  At  ordinary 
temperature  it  is  without  action.  At  high  temperatures  the 
carbonic  acid  is  reduced  to  carbonic  oxide,  and  the  iron  is 
oxidised  to  magnetic  oxide,  which  forms  an  adherent  coating." 

Liquid  water  with  oxygen  dissolved  in  it  will  not  act  at 
ordinary  temperatures  on  iron  if  lime  be  in  solution,    or   any 

'  Jour.  lion  and  Steel  Inst.,  Vol.  ii.,  1888,  pp.  129-131.  See  also  Trans. 
Inst.  N.  A.,  Vol.  xiii.,  pp.  95,  96. 
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caustic  alkali  which  is  capable  of  combining  with  carbonic 
acid,  and  is  itself  without  action  on  iron.  But  "when  the 
lime  or  caustic  alkali  has  been  converted  by  the  carbonic 
acid  of  the  air  into  carbonate,  then  "  free  carbonic  acid  can  be 
absorbed  from  the  air,  and  rusting  will  begin. 

"  Water,  containing  carbonic  acid  dissolved  in  it,  acts  on  iron 
at  ordinary  temperatures,  forming  ferrous  carbonate,  which 
dissolves  in  the  carbonic  acid  water,  forming,  no  doubt,  ferrous 
bicarbonate.  In  this  action  hydrogen  gas  is  given  off.  If 
oxygen  is  present,  dissolved  in  the  water,  it  will  unite  with  the 
nascent  hydrogen  ;  and  if  we  have  sufficient  water,  iron  and 
carbonic  acid,  the  whole  of  the  dissolved  oxygen  will  thus  be 
consumed.  The  presence  of  dissolved  oxygen  quickens  the 
solution  of  the  iron,  the  tendency  of  the  oxygen  to  combine 
with  the  nascent  hydrogen  supplying  an  additional  motive  to  the 
action.  Probably  in  ordinary  rusting  no  hydrogen  actually 
becomes  free,  as  under  ordinary  conditions  there  will  always  be 
enough  dissolved  oxygen  to  convert  all  the  nascent  hydrogen 
into  water. 

"When  a  solution  of  ferrous  bicarbonate  is  exposed  to  an 
atmosphere  containing  neither  free  oxygen  nor  carbonic  acid,  it 
loses  carbonic  acid,  and  insoluble  ferrous  carbonate  is  precipi- 
tated. If  free  oxygen  is  present  in  the  atmosphere  to  which  it 
is  exposed,  the  ferrous  carbonate  is  oxidised  to  ferric  hydrate, 
carbonic  acid  being  given  off.  This,  if  the  water  is  not  already 
saturated  with  carbonic  acid,  dissolves  in  the  water."  In  this 
way  the  carlx)nic  acid  is  not  used  up  in  the  process,  but  is  re- 
peatedly set  free,  and  becomes  ready  to  act  on  a  new  surface  of 
the  metallic  iron.  "  The  continuation  of  the  process  of  rusting 
is  not,  therefore,  dependent  on  new  carbonic  acid  absorbed 
from  the  air,  but  the  original  carbonic  acid,  if  not  removed,  can 
carry  on  the  process  indefinitely,  as  long  as  liquid  water 
is  present,  and  oxygen  is  supplied  from  the  air.  Once 
the  process  is  started  it  goes  on  more  rapidly,  because  the 
porous  rust  not  only  does  not  protect  the  iron,  but  favours  by 
its  hygroscopic  character,  the  condensation  of  water  vapour  from 
the  air  as  liquid  water." 

It  is  to  be  observed  here  that  the  gases  referred  to,  viz., 
oxygen  and  carbonic  acid,  are  dissolved  in  the  water  and  are  in  a 
very  different  state  from  liquid  oxygen  and  liquid  carbonic  acid, 
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which  can  be  produced  only  at  an  extremely  low  temperature. 
It  is  therefore  a  mistaken  idea  *  which  has  been  expressed  that 
as  dissolved  "  they  are  in  the  true  liquid  state,  and  behave  in 
every  way  as  liquids."  On  the  contrary,  they  remain  in  solution 
at  temperatures  far  above  those  at  which  these  gases  exist  as 
liquids,  and  are  liberated  by  heat  from  the  water  before  it 
becomes  vapourized.  It  is  a  further  mistake  to  apply  the  term 
"  nascent "  to  the  oxygen  which  thus  is  liberated  from  solution — ^it 
has  not  changed  its  condition ;  it  was  absorbed  as  free  oxygen  and 
is  liberated  in  the  same  state.  To  have  nascent  oxygen  we  should 
require  some  chemical  action  or  decomposition  as  the  result  of 
which  oxygen  that  was  formerly  in  chemical  combination  is 
liberated.  The  oxygen  and  carbonic  acid  held  in  suspension  by 
water  or  dissolved  in  it  are  liberated  by  boiling  the  water,  and 
the  same  result  follows  when  the  water  is  placed  under  the 
receiver  of  an  air-pump,  and  the  atmospheric  pressure  is  removed. 
Consequently  carbonic  acid  and  oxygen  dissolved  in  water  are 
not  "  put  into  the  nascent  state  by  the  heat  transmitted  through 
the  metal  to  the  water,"  any  more  than  they  are  by  being 
set  free  under  the  air-pump  ;  and  as  we  have  seen  from  Dr. 
Crum  Brown *s  summary,  their  action  upon  iron  or  steel  is 
not  dependent  upon  such  an  explanation. 

Absorption  of  Gases  by  Liquids. — Of  more  interest  than  any 
such  crude  theoretical  notions  are  the  questions  of  the  rate  of 
absorption  of  these  gases  in  water,  and  the  conditions  of  their 
liberation  therefrom. 

In  general  the  amount  of  a  gas  absorbed  by  a  liquid  upon 
which  it  exerts  no  direct  chemical  action,  depends  on  the  specific 
nature  of  the  gas  and  that  of  the  liquid,  regulating  the  degree  of 
solubility  of  gases  in  different  liquids,  on  the  temperature  of  the 
liquid  and  gas,  and  on  the  pressure  under  which  absorption 
takes  place. 

With  few  exceptions,  the  volume  of  gas  absorbed  by  a  liquid 
decreases  with  increase  of  temperature,  and  increases  with  a 
fall  of  temperature.  It  has  been  said*  that  "  in  the  case  of  many 
of  the  less  soluble  gases,  the  alteration  in  the  absorbed  volume 
effected  by  changes  of  temperature  lying  within  the  range  of 

^ "  Steam     Engine     Boiler     Feeding,"    by    James     Weir.      International 
Engineering  Congress,  Chicago,  1893. 
'  "  Watts'  Diet,  of  Chemistry,"  Vol.  ii.,  p.  791. 
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easy  experimentation  is  so  small  that  it  can  only  be  detected  by 
accurate  observation.  Indeed,  the  earlier  chemists,  especially 
Dalton,  believed  that  the  amount  of  gas  absorbed  was  entirely 
independent  of  the  temperature."  As  regards  the  influence  of 
pressure,  it  has  been  found  that  within  the  limits  of  the  strict 
application  of  Boyle's  law  (that  the  volume  of  a  gas  is  inversely 
proportional  to  the  pressure  to  which  it  is  subjected),  the  quan- 
tity or  weight  of  gas  absorbed  by  liquid  varies  directly  as  the 
pressure,  so  that  under  equal  circumstances  of  temperature  more 
gas  is  absorbed,  as  the  pressure  is  greater. 

In  order  to  compare  the  solubility  of  various  gases  in  liquids, 
the  volume  of  gas  (measured  at  standard  temperature,  o°  C,  and 
pressure,  76  mm.  of  mercury),  which  is  absorbed  under  a  pres- 
sure of  76  mm.  of  mercury  in  one  volume  of  liquid  at  the 
temperature  of  observation,  is  determined,  and  this  volume  is 
called  the  coefficient  of  absorption  of  that  gas  in  that  liquid. 

Coefficients  of  Absorption. — ^These  coefficients  have  been  for 
the  most  part  determined  by  Bunsen  and  his  pupils,  and  the 
following  are  amongst  their  results  ; — 

Table  LXV. 


Coefficients  of  Absorption  in  Water. 


Gas. 

Atooc. 

kixPC. 

Nitrogen     

002035 

001403 

Carbonic  Acid 

17967 

09014 

Oxygen       

0041 14 

002838 

Atmospheric  Air       

0-02471 

001704 

The  effects  of  variation  of  pressure  and  of  temperature  are 
still  further  shown  in  the  coefficients  of  absorption  of  ammonia 
in  water  ascertained  by  Roscoe  and  Dittmar.  The  weight  in 
grammes  of  ammonia  absorbed iby  i  gramme  of  water  at  0°  C. 
under  variation  of  directi  pressure  expressed  in  metres  of  mercury 
was  : — 

At  001  m.=oo44 gram.  ;  at  070  m.=o-840 grm  ;  at  100 m.= 
1*037  grm. ;  at  1*50  m.=iS26  grm.  ;  and  at  20  m.=2i9S  grm. 
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Under  a  constiint  barometric  pressure  of  076  m.  the  quantity 
absorbed  under  variation  of  temperature  was  at  o^  €.=0*875 
grm.  ;  at  24°  C.=o-474  grni.  ;  and  at  56"^^  C.=oi86  grm. 

Limits  of  Pressure  used. — Roscoe  has  remarked  that  the  experi- 
ments which  have  been  made  to  verify  the  law  of  pressures 
have  been  applied,  not  so  much  to  the  determination  of  the 
exactitude  of  the  law  under  high  pressures,  as  to  the  exemplifi- 
cation of  the  truth  of  the  law  of  partial  pressures.  Thus  the 
solubility  of  carbonic  acid  under  van'ing  pressures  has  only  been 
examined  by  Bunsen  between  the  limits  of  523  and  725  milli- 
metres of  mercury,  whilst  Henry  employed  a  pressure  of  14 
metres  of  mercury. 

The  limits  of  pressure,  therefore,  beyond  w^hich  gases  do  not 
obey  the  law  of  pressure  have  not  as  yet  been  experimentally 
ascertained  in  many  cases.  The  law,  it  appears,  is  not  strictly 
applicable  in  the  case  of  the  more  soluble  gases  within  ranges  of 
pressure  varying  from  o  to  2  atmospheres.  Experiments  made 
in  Sir  H.  Roscoe^s  laboratory  showed  that  under  direct  variation 
of  pressure  of  from  0050  to  25  metres  of  mercur^'^,  the  quantity  of 
ammonia  dissolved  in  water  at  all  temperatures  below  100°  C.  is 
not  directly  proportional  to  the  pressure  ;  but  that  the  deviation 
becomes  less  as  the  temperature  increases,  until  at  100°  C.  the 
law  of  Dalton  holds  good. 

Effects  of  Mixture. — An  admixture  of  different  gases  has  also 
been  found  to  affect  the  degree  of  solubility  of  both  in  water,  so 
that  the  liquid  does  not  dissolve  so  much  of  any  one  of  the  gases 
as  it  would  have  done  if  that  gas  alone  had  been  present.  The 
presence,  therefore,  of  a  foreign  gas  acts  as  the  equivalent  of  a 
direct  diminution  of  pressure. 

Action  of  Water  Vapour. — Roscoe  has  also  noted  the  important 
fact  that  "  the  vapour  of  water  acts  precisely  as  a  foreign  gas 
would  do  in  reducing  the  partial  pressures  ;  hence  in  all  the 
calculations  of  the  absorption  -  coefficients  of  gases  in  liquids 
determined  chemically,  the  vapour  of  water  present  in  the 
atmosphere  of  otherwise  pure  gas  existing  above  the  liquid  must 
be  regarded  as  a  foreign  gas,  which  therefore  alters  the  pressure 
on  the  absorbed  gases.  This  consideration  has  been  attended  to 
in  but  few  of  the  chemical  determinations  yet  made  of  the  more 
oi')!3  ^  a>ei. " 

Conditions  of  Escape  of  Gases. — The  gases  which  are  absorbed 
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in  a  liquid  in  accordance  with  Dalton's  law  are  completely 
liberated  from  that  liquid  when  the  conditions  are  such  that  the 
pressure  on  the  absorbed  gases  is  reduced  to  zero.  This  result 
may  be  produced  in  either  of  the  following  ways  :  (i)  By 
actually  removing  all  pressure,  except  that  of  the  tension  of  the 
liquid,  by  evacuation  under  the  receiver  of  an  air-pump  ;  (2)  by 
placing  the  saturated  liquid  in  an  atmosphere  of  a  gas  different 
from  any  of  those  absorbed  ;  (3)  by  bringing  the  liquid  to  the 
boiling  point  and  continuing  the  ebullition  ;  and  (4)  by  passing 
a  foreign  gas  or  vapour  through  the  liquid — this  last  being,  as 
Roscoe  says,  equivalent  to  boiling. 

Gases  are  also  set  free  on  the  solidification  of  liquids  which 
have  absorbed  them,  but  that  does  not  bear  upon  their  action  on 
steam  boilers  except  as  also  disproving  the  "  liquid  "  gas  theory. 

These  facts,  however,  show  that  Mr.  Norris^s  *  deductions  as  to 
the  presence  of  gases  in  boilers  under  high  pressures  of  steam 
are  not  well  founded,  and  his  theory  of  their  presence  in  layers 
above  the  water  cannot  be  upheld,  on  account  of  the  laws 
of  diffusion.  Apart  from  the  fact  that  no  investigations  on  this 
subject  have  as  yet  been  undertaken  at  anything  like  the  pres- 
sures now  employed  in  steam  boilers,  where  such  pressures  are 
accompanied  by  a  considerable  rise  in  temperature,  the  ascer- 
tained result  that  the  vapour  of  water  acts  as  a  foreign  gas, 
would  prove  that  all  other  gases  must  be  expelled  from  the  water 
of  a  boiler  under  steam.  No  doubt  the  iron  or  steel  of  the 
boiler  may  be  hot  before  the  last  traces  of  the  gases  which  water 
holds  absorbed  are  set  free,  and  so  far  the  power  of  these  gases 
to  act  chemically  on  the  metal  may  be  intensified,  but  it  seems 
certain  that  these  gases  cannot  be  retained  there  whilst  the 
boiler  is  at  work.  It  is  certain  that  they  enter  in  the  water  with 
which  the  boiler  is  filled  at  starting,  and  that,  unless  precautions 
are  taken,  fresh  quantities  may  return  to  the  boiler  with  the 
feed-water,  even  though  it  be  produced  from  condensed  steam. 

Rale  of  Absorption. — But  here  we  are  without  data  to  guide 
us  as  to  the  quantity  which  is  likely  thus  to  be  readmitted, 
because  there  are  no  experimental  data  available  to  show  the 
rate  at  which  gases  are  absorbed  by  liquids  under  varying 
conditions  of  temperature  and  pressure.    The  quantity  absorbed 

'  Trans.  Inst.  Xaval  Architects,  V'ol.  x.xiii.,  pp.  154-158, 
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has  been  investigated,  and  it  has  been  found  that  rain  water, 
which  is  necessarily  the  purest  of  natural  w.iters,  contains  in  one 
gallon  about  7  cubic  inches  of  gas,  containing  from  20  to  30  per 
cent,  of  oxygen,  60  to  70  per  cent,  of  nitrogen,  and  5  to  10  per 
cent,  ot  carbonic  acid.  The  water  of  Loch  Katrine  has  been 
found  to  contain  7  to  8  cubic  inches  of  gas  to  the  gallon,  of 
which  about  3  cubic  inches  are  oxygen.  It  will  be  noticed  that 
the  projx)rtions  in  which  the  various  gases  exist  in  water  are  not 
the  same  as  their  proportions  in  the  atmosphere,  but  they  are  in 
accordance  with  the  relation  existing  between  the  coefficients 
of  absorption  of  these  gases  in  water  and  their  percentage 
quantities  in  the  atmosphere.  It  has  been  found  that  sea- water 
holds  in  solution  a  larger  projiortion  of  carlx)nic  acid  than  fresh 
water  does,  and  this  has  been  shown  by  J.  Y.  Buchanan  to  be 
due  to  the  sulphates  which  sea-w-ater  holds  also  in  solution.  (See 
Appendix  III.,  pp.  6x1-626.; 

As  to  how  long  it  takes  for  water  to  absorb  a  given  quantity  of 
gas,  we  have  as  yet  no  certain  data.  Judging  from  the  quantity 
of  oxygen  absorbed  by  the  blood  and  the  limited  time  of  contact 
between  the  gas  and  the  liquid  in  the  process  of  respiration,  it  is 
probable  that  absorption  is  a  very  rapid  process.  It  is,  however, 
unsafe  to  draw  any  rigid  parallel  between  blood  and  w^ater, 
inasmuch  as  the  action  in  the  case  of  the  blood  is  not  merely  a 
chemical  one,  but  is  complicated  by  the  fact  that  it  is  an  organic 
action,  and  we  have  no  equivalent  in  physics  for  vital  energy. 

More  nearly  allied  to  our  subject  is  the  absorption  of  gases  in 
the  manufacture  of  aerated  waters,  but  even  from  this  source 
there  is  little  information  to  be  derived.  The  absorption  of  gas 
in  this  manufacture  takes  place  under  considerable  pressure, 
with  the  assistance  of  a  low  temperature  and  more  or  less  agita- 
tion of  the  liquid.  Moreover,  as  it  is  desired  to  have  waters 
fully  charged  with  gas,  some  little  time  is  always  allowed  to 
elapse  before  the  exposure  of  the  water  to  the  pressure  of  gas 
terminates  by  the  operation  of  bottling.  In  using  the  domestic 
gazogene  also,  it  is  always  necessary  to  allow  an  interval  of  one 
to  two  hours  after  the  operation  of  charging  before  properly 
aerated  water  can  be  obtained.  But,  here  again,  we  are  dealing 
with  water  which  is  to  be  so  fully  charged  with  gas  under 
pressure  that  it  will  effervesce  on  exposure  to  the  atmosphere. 
The  presumption  is  that  the  amount  of  gas  which  water  will  hold 
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at  atmospheric  pressure  is  absorbed  very  rapidly.  A  simple 
experiment  throws  light  on  this  point.  Let  a  glass  tube  half 
filled  with  water  be  sealed  up  by  means  of  the  blow-pipe  whilst 
the  water  it  contains  is  boiling  and  steam  is  issuing.  When  cold, 
jthe  metallic  click  of  the  "  water  hammer  "  will  show  that  the 
water  and  the  tube  are  deprived  of  air — there  is  a  vacuum  in  the 
tube.  Now  let  the  sealed  end  of  tl\e  tube  be  opened  under  the 
surface  of  ordinary  drinking  water  in  a  glass  vessel,  and  a  very 
interesting  phenomenon  will  be  witnessed.  It  might  be  supposed 
that  the  water  from  the  outside  would  at  once  rush  into  the  tube 
to  fill  up  the  vacuous  space,  but  that  does  not  happen.  Instead 
of  that,  the  water  in  the  glass  vessel  suddenly  becomes  violently 
effervescent,  bubbles  of  air  appearing  in  all  portions  of  it  and 
rushing  in  every  direction  and  even  downwards  to  the  unsealed 
end  of  the  tube,  into  which  no  water  enters  until  a  state  of 
equilibrium  has  apparently  been  established  between  it  and  the 
water  outside  it  in  the  matter  of  the  gas  contained  by  each. 
Thereupon,  the  water  rushes  in  and  completely  fills  up  the  tube. 
All  this  takes  place  in  a  few  seconds,  and  it  is  proof  of  the 
rapidity  with  which  absorption  of  gas  can  take  place. 

Effects  of  Tewpcraiure  and  Pressure. — It  was  discovered  by 
Mr.  R.  Mallet  that  corrosion  proceeds  faster  in  fresh  water 
which  contains  air,  or  is  in  contact  with  air,  at  temperatures  of 
175°  to  about  190°  F.  than  at  atmospheric  temperatures,  and  that 
in  heating  such  water  up  to  212°,  air  is  evolved  from  it  most 
freely  at  190°  to  195°  F.,  so  that  there  is  a  direct  relation  between 
the  rapidity  of  corrosion  and  the  liberation  of  air.  Mr.  Mallett 
held  that  the  rapidity  of  corrosion  is  in  the  direct  ratio  of  the 
volume  of  air  set  free  at  any  given  temperature,  because  the 
attraction  of  the  water  for  the  air  being  destroyed,  the  air  is  then 
free  to  attack  the  metal.  This  observation  also  serves,  to  some 
extent,  to  illustrate  the  part  played  in  boiler  corrosion  by  the 
high  temperatures  which  are  usually  present.  It  is  well  known 
that  chemical  affinity  is  directly  affected  by  temperature,  so 
that  some  substances  which  are  inert  towards  one  another  in  the 
cold,  or  at  ordinary  atmospheric  temperature,  produce  active 
reactions  when  heated  in  contact.  In  general  also,  chemical 
action  which  exists  at  ordinary  temperature  is  intensified  by 
elevation  of  temperature. 

Increase   of    pressure — sometimes  even  without  addition  of 
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heat — ^also  produces  active  chemical  action  in  sonie  cases.  We 
have  an  instance  of  this  in  the  mutual  decomposition  of  the 
magnesia  salts  and  carbonate  of  lime  in  sea-water,  which  is 
referred  to  at  page  613  of  Appendix  III. 

Influence  of  Points. — There  is  a  natural  phenomenon,  which 
without  doubt  exerts  some  influence  upon  the  direction  in  which 
corrosive  action  is  developed^  and  that  is  the  effect  produced  by 
points  on  the  metal  surfaces.  It  is  well  known  that  if  water  be 
boiled  in  a  vessel  having  a  perfectly  smooth  and  clean  inside 
surface  the  steam  does  not  rise  in  a  steady  flovv  of  bubbles,  but 
is  produced  spasmodically  and  leaves  the  surface  in  sudden, 
violent  and  intermittent  outbursts.  To  cure  this  violent  action 
it  is  sometimes  necessary  to  introduce  into  the  vessel  a  little  fine 
sand,  the  grains  of  which  at  once  act  as  nuclei  for  the  formation 
and  escape  of  steam  bubbles,  which  rise  from  them  in  a  quiet 
and  continuous  stream.  A  similar  effect  is  seen  where  little 
grains  even  of  cork  are  floating  in  an  effervescing  liquid — ^the 
floating  specks  are  points  at  which  the  bubbles  of  gas  are  seen 
to  form  and  from  which  they  escape. 

The  discharge  of  electricity  *  into  or  through  a  medium  offering 
some  resistance  is  also  determined  from  points,  and  this  is  clearly 
analogous  to  the  flow  of  steam  or  heat  noticed  above. 

Such  phenomena  render  it  easy  to  understand  how  *  "  the 
rusting  of  the  purest  iron  in  the  form  of  the  most  uniform  or 
even  polished  surfaces  of  a  plate,  always  initiates  at  ix)ints." 
These  may  spread  and  finally  coalesce  or  the  action  may  proceed 
more  rapidly  into  the  plate  than  over  its  surface,  in  which  latter 
case  we  have  that  form  of  corrosion  called  **  pitting,'*  or,  as  in 
R.  Mallet's  papers,  according  to  French  chemists,  "  tubercular 
corrosion."  "  Even  were  the  iron  itself  perfectly  homogeneous," 
remarked  Mr.  Mallet,  "  rust  would  set  in  thus  at  points,  for  the 
action  is  determined  to  any  point  touched  by  another  solid, 
which  may  be  a  neutral  one  (chemically),  such  as  glass,  or 
porcelain,  or  wood." 

Xon-uniformity  of  Texture. — Microscopical  examinations  of 
steel  and  iron,  such  as  those  of  Dr.  Sorby,'  Professor  Roberts- 

*  Sec  Mill.  Pioc.  Inst.  C.  K.,  Vol.  cxv.,  p.  484. 

•  Trans.  Inst,  N'..\.,,Vt»l.  .\iii.,  p.  (X). 

^  Jour.  Iron  and  Steel  Inst.,  Vol.  i.,  1887,  p.  255;  MIn.  Proc.  Inst.  C.E., 
.xcv.,  144  ;  Jour.  Soc.  of  .Arts,  Oct.  2(>,  18^7. 
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Austen,  Professor  Arnold,  and  others,  have  revealed  the  fact  that 
there  is  complexity  of  structure  in  the  finest  of  such  metals,  so  that 
there  need  be  no  difficulty  in  our  perceiving  why  the  chemical 
action  of  corrosion  begins  at  points,  even  when  there  is  no  speck 
of  mill  scale  or  of  slag  present  at  or  near  the  surface.  •  The 
presence  of  a  high  temperature  intensifies  such  action,  and  this 
of  itself  would  be  enough  to  show  that  the  opinion  frequently 
expressed,  that  "  pitting  must  be  least  where  the  water  circula- 
tion is  greatest,"  must  be  wrong,  as  also  the  experience  of  pitting 
in  the  boilers  of  the  s.s.  "  Propontis  "  and  in  other  water-tube 
boilers,  has  repeatedly  shown.  In  these  cases  the  pitting  has 
been  greatest  in  the  small  tubes  or  surfaces  nearest  to  the  fire, 
the  formation  of  steam  and  movement  of  the  water  being  greatest 
there  also. 

Thinness. — Another  fact  was  noticed  by  Mallet,*  the  accuracy 
of  which  experience  with  boilers  has  frequently  confirmed,  viz., 
that  thin  material  corrodes  proportionately  faster  than  metal  in 
thicker  pieces.  The  rapidity  with  which  the  thin  tubes  of 
water-tube  and  other  boilers  have  often  been  eaten  through  has 
been  a  source  of  surprise  to  those  who  did  not  understand  the 
nature  of  the  action  taking  place. 

Effects  of  Oils. — The  action  and  effects  of  oily  matters,  and 
their  share  in  promoting  corrosion,  have  been  the  subject  of 
all  shades  of  opinion,  from  the  incredulity  which  has  denied 
the  possibility  of  their  producing  any  action,  to  the  dogmatism 
which  has  insisted  that  all  corrosive  action  must  be  due  to  them. 
There  are,  of  course,  intermediate  shades  of  opinion  which 
display  a  more  intelligent  acquaintance  with  the  facts  of  the 
case,  and  there  is  no  doubt  that  different  instances  of  boiler 
corrosion  have  furnished  evidence  of  variation  in  the  extent  to 
which  the  action  of  oils  may  proceed. 

It  is  at  once  apparent  that  we  must  have  widely  different 
groups  of  phenomena  according  as  we  are  dealing  either  with 
tallow  or  animal  and  vegetable  oils  on  the  one  hand,  or  with 
mineral  oils  on  the  other.  The  fats  and  oils  of  the  one  class 
have  as  the  basis  of  their  constitution,  palmitic,  oleic,  and  stearic 
acids,  into  which  (with  glycerine)  they  can  be  broken  up  by  the 
action  of  heat,  and  all  the  more   readily  in   presence   of  the 

*  See  Report,  No.  2,  p.  236. 
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alkaline  earths,  such  as  lime,  potash,  or  soda.  Such  decompo- 
sition would  take  place  partly  in  the  cylinders  of  the  steam 
engine,  but  more  extensively  in  the  boiler,  where  saponification 
would  be  possible. 

Mineral  lubricating  oils  consist  of  hydro-carbon  compounds, 
whose  specific  gravity  ranges*  from  865  to  about  910,  probably 
anthracene,  chrysene,  pyrene,  etc.  They  are  not  liable  to  any 
such  decomposition  as  can  take  place  with  oils  and  fats  of  the 
first  class,  but  may  be  volatilised  at  a  high  temperature,  or 
partially  volatilised  and  partly  reduced  to  a  deposit  of  solid 
carbonaceous  material. 

These  two  classes  of  lubricants  should  not  be  confounded,  but 
it  frequently  appears  in  papers  on  boiler  corrosion  that  there  is 
some  confusion  regarding  them  existing  in  the  minds  of  engi- 
neers. Perhaps  the  reason  of  this  is  to  be  found  in  the  fact 
which  was  insisted  upon  by  Mr.  J.  B.  Dodds,  in  the  paper 
referred  to  (p.  325,  anU)^  that  in  commerce  the  so-called  mineral 
lubricating  oil,  or  "  cylinder  oil,"  is  seldom  to  be  obtained  pure, 
but  is  frequently  adulterated  with  vegetable  and  animal  oils. 
Some  analyses*  seem  to  bear  this  out.  If  so,  the  remedy  is 
simple,  for  there  should  be  no  difficulty  nowadays  in  buying  oil 
according  to  a  guaranteed  analysis,  or  in  analysing  a  specimen 
of  the  material  which  is  sold  and  delivered  for  pure  mineral 
lubricating  oil.   ' 

The  action  of  animal  and  vegetable  oils  in  connection  with 
boiler  corrosion  has  frequently  been  exemplified. 

In  Appendix  III.  (pages  618  and  619),  and  in  the  paper  by 
Mr.  Jas.  Gilchrist,  referred  to  in  the  same  appendix  (page  623), 
there  are  details  given.  Other  cases  are  reported  by  Mr.  H. 
Hallett,  Mr.  Sinclair  Couper  and  Mr.  J.  B.  Dodds  in  the  papers 
referred  to  (p.  325,  atik). 

Undecomposed  grease,  unless  arrested  by  filtering,  can  carry 
particles  of  brass,  copper,  or  other  foreign  material  into  the 
boiler,  adding  to  the  elements  of  danger  there. 

The  fatty  acids  in  contact  with  brass  and  copper  undoubtedly 
corrode  these  metals,  so  that  particles  of  copper  separated  by 
attrition,  or  chemical  action,  or  both,  have  often  been  carried 

>  See    a   Manualette   of   Destructive   Distillation,    by    E.  J.    Mills,   D.Sc, 
F.R.S. 
*  Trans.  Inst.  E.  and  S.  in  Scotland,  Vol.xl.,  pp.  103,  104. 
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into  boilers.  The  fact  that  Mr.  Weston  *  could  not  find  a  trace 
of  copper  in  solution  in  the  water  of  a  boiler  furnishes  no 
evidence  to  the  contrary,  because  any  salt  of  copper  formed  in 
such  circumstances  would  be  quickly  decomposed  by  electrolysis, 
and  therefore  the  proper  place  in  which  to  look  for  the  presence 
of  copper  would  be  in  the  soiid  deposits  of  the  boiler.  In  such 
deposits  traces  of  copper  have  frequently  been  found  *  by  analysis. 

When  a  soapy  emulsion,  due  to  the  presence  of  oil,  has 
not  been  formed  in  boilers,  producing  the  evils  of  priming, 
the  soap  resulting  from  the  saponification  of  oil  or  grease  has 
been  found  to  form  first  a  scum  on  the  water  surface  and  after- 
wards, by  becoming  loaded  with  mineral  matters  and  sinking  in 
pieces,  a  scale  on  the  heating  or  other  surfaces  of  the  boiler 
promoting  both  corrosion  and  overheating. 

Remedy, — The  remedy  for  all  this  is  to  use  only  pure  mineral 
oil  for  lubricating  cylinders,  piston  rods,  and  pumps  in  both 
main  and  feed  engines. 

The  possibilities  of  damage  from  this  oil,  if  it  is  pure,-  are  few, 
and  are  practically  confined  to  the  formation  of  a  coating  or 
deposit  on  the  heating  surfaces  of  the  boiler.  Where  the 
surfaces  become  covered  with  the  oil  alone  the  chances  of  over- 
heating are  small,  as  the  experiments  recorded  in  Chapter  IV. 
prove.  It  is,  however,  possible  to  have  the  oil  combined 
mechanically  with  solid  particles,  as  has  been  pointed  out  by 
Professor  Lewes,'  according  to  an  action  familiar  to  chemists  in 
connection  with  precipitation  and  filtration  (see  Appendix  III., 
p.  619),  and  in  such  cases  the  chances  of  damage  from 
the  deposit  causing  overheating  are  much  more  serious.  The 
entrance  of  oil  into  the  boiler  is  probably  not  entirely  prevented, 
even  by  the  use  of  filters,  for  Professor  Lewes  has  shown  by  an 
interesting  experiment  that  a  pure  mineral  lubricant  called 
**  Valvoline,"  having  a  specific  gravity  of  '889  and  boiling  at 
371°  C.  (or  699°  F.),  was  carried  over  by  a  current  of  steam  at 
a  much  lower  temperature  than  is  common  in  marine  boilers. 
**  A  retort  containing  valvoline  was  carefully  heated  over  a  sand- 
bath,  its  temperature  being  ascertained  by  a  thermometer,  and 

•  Trans.  1.  \.  A.,  Vol.  xxiii.,  p.  153. 

*  Trans.  Inst.  K.  and  S.  in  Scotland,  Vol.  xlii.,  p.  H),  Part  v.,  and  Vol.  .\l., 
p.  52. 

'  Trans.  Inst.  N.  A.,  1891. 
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steam  was  then  blown  through  it,  with  the  result  that  at  248""  F. 
or  120°  C.,*  the  steam  became  *  greasy  '  and  the  oil  commenced 
to  pass  over  with  it."  This  of  itself  does  not,  of  course,  explain 
how  the  oil  gets  into  a  marine  toiler,  because,  as  a  matter  of 
fact,  no  steam,  either  *'  greasy  "  or  not  greasy,  is  passed  into  that 
vessel.  But  the  experiment  shows  that  the  oil  may  be,  at  a 
comparatively  high  temperature,  readily  separated  by  steam  into 
extremely  fine  particles  which  may  pass  along  with  the  feed 
v^rater  through  a  filter,  especially  if  the  filtering  medium  has 
become  slightly  oily  on  the  surface.  Under  these  circumstances 
a  milky  appearance  in  the  water  would  show  the  presence  of  oil, 
but  such  milkiness,  if  due  to  oil,  is  readily  tested  by  the  addition 
of  ether,  which  clears  it. 

There  is  no  reason,  however,  why  the  admission  of  solids  to 
the  boiler  should  not  be  entirely  prevented.  Now  that  feeding 
with  sea-water  is  abolished  in  all  good  marine  practice,  and  the 
loss  of  water  during  a  voyage  is  made  up  by  the  use  of  evapo- 
rators or  distilling  apparatus,  whilst  all  the  feed- water  passes 
through  a  filter  such  as  those  shown  in  Figs.  142,143, 144,  bcfgre 
reaching  the  boiler,  we  have  only  the  preliminary  filling  up  with 
natural  fresh  water  to  consider  as  a  possible  breach  in  the 
defence  of  the  boiler.  In  this  case,  if  water  of  the  purity  of 
rain  water  cannot  be  obtained  for  filling  up  the  boiler  before 
a  voyage,  any  salts  of  lime,  soda  or  magnesia  which  the  water 
which  is  employed  contains,  should  be  removed  by  a  pre- 
liminary precipitation  and  filtration,  before  the  water  is 
admitted  to  the  boiler.*  Thereafter  and  during  work,  as  we 
have  seen,  the  entrance  of  fresh  quantities  of  solids  can  be 
prevented. 

It  is  not  likely  that,  where  filters  are  used,  and  economy  in 
the  use  of  lubricating  oil  is  practised,  a  quantity  of  oil  can  pass 
into  the  boilers  sufficient  to  form  an  oily  scum  on  the  surface 
of  the  water.  But  if,  through  some  defect  in  the  filter,  that 
result  should  occur,  it  will  cause  trouble  in  the  working  of  the 
boiler,  and  should  be  removed  by  blowing  off. 

*  This  temperature  corresponds  to  a  steam  pressure  of  only  30  lbs.  per 
square  inch. 

'  On  this  point  consult  Report  XV.,  "  On  the  Purification  of  the  Feed-water 
of  Locomotives,"  presented  by  J.  A.  F.  Aspinall  to  the  International  Railway 
Congress.     Sixth  session.     Paris,  1900. 
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Action  of  Magnesic  Chloride. — The  disuse  of  sea- water  for 
feeding  or  for  making  up  the  feed-water  in  marine  boilers  has 
removed  several  causes  of  destructive  action,  such  as  the  de- 
composition of  magnesic  chloride  and  the  presence  of  an 
additional  quantity  of  carbon-dioxide  liberated  from  sea- water , 


FIG.   144. 


which  are  noticed  in  Appendix  III.*  and  do  not  need  to  be 
further  dealt  with.  But  it  may  be  remarked  that  as  regards  the 
decomposition  of  magnesic  chloride  and  resulting  reactions, 
hasty  inferences  have  frequently  obstructed  a  clear  understand- 
ing of  the  matter.     It  was  inferred  that  if  by  the  decomposition 

*  See  also  paper  by  J.  B.  Dodds,  in  Trans.  N.  E.  Coast  Inst,  of  Engineers, 
Vol.  v.,  p.  195. 
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referred  to,  hydrochloric  acid  was  set  free,  the  presence  of  this 
acid  ought  to  be  indicated  by  acidity  in  the  water  of  the  boiler  ; 
whereas  its  action  on  the  iron  must  always  have  been  practically 
simultaneous  with  its  liberation  from  the  magnesic  chloride,  so 
that  instead  of  the  water  showing  an  acid  reaction  it  was  more 
likely  to  become  alkaline  by  neutralisation  of  the  hydrochloric 
acid  and  accumulation  of  magnesic  oxide.  It  was  also  argued 
that  if  the  iron  were  attacked  by  hydrochloric  acid,  chloride  of 
iron  ought  to  appear  in  the  deposits  found  in  boilers.  But  that 
objection,  like  other  arguments,  was  anticipated  some  years 
before  it  was  made,  by  the  paper  reprinted  in  Appendix  III. 
(p.  625)  in  the  statement  that  oxide,  and  not  chloride,  of  iron 
finally  results  from  the  action.  This  was  also  subsequently 
demonstrated  by  Mr.  J.  B.  Dobbs  (in  Trans.  N.  E.  Coast  Inst,  of 
Engineers  and  Shipbuilders,  Vol.  v.,  pp.  196,  197,  247).  Due 
weight  was,  moreover,  seldom  given  to  the  fact  of  the  presence 
of  a  larger  quantity  of  carbon  dioxide  in  salt  than  in  fresh  water, 
a  great  part  of  this  carbon  dioxide  being  liberated  from 
the  sea-water  by  the  mere  separation  of  the  sulphates 
which  it  holds  in  solution.  These  various  phenomena,  how- 
ever, explain  how  chemical  action  has  been  found  to  proceed 
more  rapidly  in  boilers  which  have  been  partly  fed  with  sea- 
water,  than  in  those  from  which  sea- water  is  carefully  excluded, 
and  they  demonstrate  how  necessary  it  is  that  in  all  marine 
boilers  the  feed  should  be  made  up  with  distilled  water 
alone. 

It  no  doubt  follows  from  this  that  we  must  expect  to  find 
corrosion  at  work  in  distilling  boilers  or  apparatus  used  to  pro- 
duce distilled  from  sea-water.  The  action  of  air  and  carbon 
dioxide  also  show  that  corrosion  may  be  expected  in  feed- 
heaters  which  receive  the  feed-water  either  cold  or  com- 
paratively cold,  where  no  effort  has  been  made  to  keep 
it  denuded  of  air.  Where  such  feed-water  is  delivered  into 
boilers  direct,  without  interposition  .of  a  feed-heater,  the  parts 
of  the  boiler  coming  first  into  contact  with  this  water,  on 
its  temperature  being  raised,  must  also  be  exposed  to  corrosive 
actions. 

Delivering  the  feed  into  the  steam  space  is  no  doubt  the  safest 
method  where  air  is  present  in  the  water,  from  the  point  of  view 
of  corrosion,  but  it  is  not  good  in  its  effects  on  circulation,  as  Mr. 
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Blechynden's  experiments  prove* ;  nor  is  it  economical  from  the 
point  of  view  of  heat  transmission. 

It  is  undoubtedly  better  to  have  an  evaporator  or  feed  heater 
liable  to  corrosion  separate  from  the  boiler,  than  to  expose  any 
part  of  the  boiler  to  this  action,  and  hence  Mr.  Yarrow's  plan  of 
making  some  of  the  tubes  of  his  boiler  do  the  duty  of  a  feed- 
heater  may  lead  to  difficulties  which  more  than  counterbalance 
any  economy  of  heat  obtained  by  this  arrangement.* 

Protective  Measures. — Amongst  the  means  employed  for  the 
protection  of  boiler  surfaces  from  corrosion,  the  action  and 
effect  of  zinc  have  often  been  greatly  over-estimated.  In  fresh 
water  zinc  has  little  protective  }X)wer  over  wTOught  iron  con- 
sidered electro-chemically,  and  in  sea-water  it  is  readily  oxidised 
by  decomposition  taking  place  in  the  salts  which  that  water 
contains.  With  regard  to  the  action  in  cold  water,  Mr.  Mallet  ^ 
wrote  that,  "  zinc  is  so  slightly  electro-positive  to  iron  that  its 
protective  power  is  nearly  destroyed  whenever  a  few  spots  of 
rust  have  formed  anywhere  upon  the  iron  with  which  it  is  in 
contact,  tlie  peroxide  acting  as  an  acid  towards  its  own  base  in 
both  fresh  and  sea- water.  In  the  latter  the  surface  of  the  zinc 
gets  covered  with  a  hard  crystalline  coat  of  hydrated  oxide  and 
of  calc-spar,  which  retards  or  prevents  its  further  corrosion,  and 
thus  permits  the  iron  to  corrode."  In  boiling  water  the  action 
proceeds  much  farther,  and  progesses  rapidly,  so  that  the  zinc 
is  often  quickly  reduced  throughout.  Moreover,  as  commercial 
zinc  is  seldom  pure,  there  are  causes  of  reaction  in  the  constitu- 
tion of  the  metal  itself  which  aid  in  its  disintegration  ;  a  result 
which  amalgamating  its  surface  with  mercury  cannot  prevent. 

It  is  probable  that  the  principal  sendee  rendered  by  zinc  in 
boilers  has  been  to  provide  a  material  acted  upon  more  readily 
than  the  iron  by  the  acids  set  free  by  the  decomposition  of 
animal  and  vegetable  oils,  and  by  the  oxygen  and  carbon  dioxide 
liberated  on  boiling  the  water.  Mr.  Mallet  stated  that  an  alloy 
of  23  parts  of  zinc  and  8  parts  of  copper  presei-ves  cast  iron 
from  corrosion  in  cold  waiter,  and  does  not  waste  itself,  but  it  is 
difficult  to  understand  how  such  a  result  could  be  obtained. 
Protective  action  has  been  claimed    for    devices  such  as  one 


1  See  Chap.  V.,  p.  243,  ante.  •  See  Chap.  V.,  p.  234,  ante. 

'  British  Association  Reports,  1843,  p.  20. 
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called  the  *'  Electrogen,"  which  aimed  at  producing  a  galvanic 
current  in  such  relation  to  the  iron  as  constituted  it  the  negative 
element  of  the  couple.  If  this  really  has  a  preservative  effect, 
probably  the  same  result  could  be  more  fully  realised  by  pass- 
ing a  small  current  from  a  dynamo  machine  through  the  boiler. 
At  any  rate  this  is  worth  investigation  in  these  days  in  which  so 
many  steamers  are  fitted  with  electric-lighting  machinery. 

Protective  Coatings. — Efforts  have  also  been  made,  with  some 
degree  of  success,  to  protect  the  iron  of  boilers  by  forming  a 
protecting  coating  on  the  boiler  surfaces,  and  with  a  similar 
object  it  has  also  been  proposed  to  render  the  water  innocuous 
to  iron  by  chemical  means.  With  regard  to  the  former  of  these 
plans,  there  are  two  methods  by  which  a  permanent  covering, 
impervious  to  corrosive  action,  can  be  formed.  These  are  the 
process  invented  by  Professor  Barfif  and  the  method  suggested 
by  the  author  of.  this  work. 

In  Barff's'  process  a  thin  adherent  coating  of  magnetic  oxide 
is  formed  on  the  iron  by  the  decomposition  of  steam  in  contact 
with  the  metal  at  a  temperature  of  500°  F.,  whilst  in  that  of  the 
author'  a  similar  covering  composed  of  calcium  sulphate  and 
magnesium  hydrate  is  first  deposited  from  fresh  water  and  sub- 
sequently hardened  by  heat.  The  addition  of  lime  preparations 
to  the  water,  in  the  manner  suggested  by  the  author,  would 
render  the  water  "  non-exciting,"  as  Mr.  J.  B.  Dodds'  has 
pointed  out,  and  to  produce  the  same  result  he  proposed  the  use, 
alternatively,  of  a  basic  solution  of  zinc. 

When  not  in  use  boilers  should  be  filled  to  the  top  of  the 
steam  space  with  hot  water  which  has  been  boiled  to  free  it 
from  air,  and  the  boiler  should  then  be  hermetically  closed  and 
kept  in  this  condition  until  it  is  required  for  work.  Lime  may 
be  added  to  this  water  or  placed  in  the  boiler,  but  this,  though 
desirable,  should  not  be  necessary  if  the  boiler  has  been 
thoroughly  cleansed  before  being  filled  up  with  the  water. 

**  Another  method  of  preserving  a  boiler  not  in  use  is  to 
empty  it  and  clean  it  thoroughly,  then  close  all  the  manhole 
doors  and  other  openings  except  one  at  the  bottom,  through 

'  See  Jour,  of  Soc.  oi  Arts,  Kcbruarv  14,  1877.     Jour,   Iron  and  Steel   Inst. 
Vol.  i.,  1881,  p.  166  ;  Vol.  ii.,  1S88,  p.  280. 
'  See  Appendix  III.,  pp.  627,  634. 
*  Trans.  X.  E.  Coast  Inst,  of  Engineers,  Vol.  v.,  pp.  198-200. 
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which  a  small  stove  full  of  burning  coke  is  put  in,  and  then  the 
bottom  door  is  closed  quickly."  The  object  of  these  methods 
is,  of  course,  to  exclude  moist  air  as  thoroughly  as  possible. 

On  a  review  of  the  subject  it  is  apparent  that  in  good  practice 
the  following  points  should  be  observed  : — 

1.  The  metal  of  which  boilers  are  constructed  should  be  as 

homogeneous  as  possible  in  composition  and  texture.  It 
should  be  well  worked  so  as  to  be  fibrous  rather  than 
crystalline  in  texture,  and  should  not  be  punched  or 
worked  at  a  low  heat.  It  should  be  well  annealed  so  as 
to  remove  all  effects  of  local  stresses  and  to  bring  the 
texture  to  a  uniform  condition. 

2.  All  mill  scale  and  dirt  should  be  removed  from  the  sur- 

faces, which  should  also  be  kept  as  free  as  possible  from 
oil. 

3.  AH  gases  should  be  removed  from  the  water. 

4.  No  sea-water  should  be  admitted,  and  all  feed-water  should 

be  made  up  with  distilled  water. 

5.  All  feed-w-ater  should  be  passed  through  a  good  filter. 

6.  The  feed-water  should  be  heated  in  feed-heaters  w^hich  are 

separate  in  construction  from  the  boiler. 

7.  The  interior  surfaces  of  the  boiler  should  be  covered  by  a 

thin  protective  coating,  or  the  w^ater  should  be  treated 
chemically  as  above. 

8.  No  vegetable  or  animal  oil  should  be  used  in  any  engines 

connected  in  any  way  with  the  boiler. 

9.  When  not  in  use  boilers  should  be  carefully  protected  from 

deterioration  by  one  of  the  methods  described. 


CHAPTER  Vlll. 

Historical  Sketch  of  Boiler  Designs. 

In  the  production  of  steam  for  other  than  domestic  purposes 
various  kinds  of  vessels  and  modes  of  operating  have  been  tried. 
The  more  ancient  forms  of  boilers  appear  to  modern  eyes  some- 
what grotesque,  and  it  is  certain  tlfat  they  were  not  adapted  for 
continuous  work  of  long  endurance.  They  were,  however,  not 
subjected  to  any  great  stress  of  work.  An  archaic  form  has 
been  described  by  a  writer  in  Engineering  of  nth  January',  1895, 
where  an  illustration  of  it  appears.*  It  was  an  urn-shaped 
vessel  discovered  at  Pompeii.  . 

Others  will  be  found  in  the  older  works  containing  a  his- 
torical account  of  the  development  of  the  steam  engine,  such  as 
the  writings  of  Stuart,  Farey,  and  Tredgold. 

The  earliest  practicable  boilers  seem  to  have  been  spherical  or 
oval  (sometimes  called  "  ovoid  ")  vessels,  but  after  a  time  flat 
surfaces  were  introduced  in  the  "  waggon  "  and  similar  forms, 
whilst  other  designs,  more  suited  to  the  production  of  steam  of 
some  degree  of  pressure  above  that  of  the  atmosphere,  soon 
began  to  appear. 

Methods  of  Raising  Steam, — In  the  various  methods  of  raising 
steam  which  have  been  practised,  the  following  arrangements 
have  been  used  : — 

1.  A  compact  body  of  water  enclosed  in  a  vessel  of  spherical, 

cylindrical,  oblong,  or  other  form,  and  heated  from  the 
outside,  either  without  or  with  internal  flues  or  passages. 
This  is  the  tank  or  shell  boiler,  which  has  assumed  many 
shapes,. with  plain  or  spiral  flues  and  even  with  inverted 
furnaces,  the  latest  developments  of  which  are  the  so- 
called  *'  Scotch  "  cylindrical  or  drum  boiler,  the  Lanca- 
shire boiler,  and  the  locomotive  boilers. 

2.  Small  quantities  of  water  projected   successively   on    the 

inner  surfaces  of  a  vessel  kept  at  a  high  temperature  by 

*  See  also  "  Les  Chaudieres  Marines,"  bv  M.  de  Chasseloup-Laiibat.  Paris  : 
1897. 
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fire  applied  to  the  outside,  so  that  the  water  is  wholly  and 
instantaneously  converted  into  steam  on  coming  into  con- 
tact with  the  heated  surface.  This  applies  to  all  the 
boilers  which  make  steam  by  flashing  the  water  into 
steam,  whatever  may  be  the  actual  design  of  the  boiler. 
This  method  was  first  suggested  by  John  Payne  in  his 
patent  of  1736  (No.  555)  and  paper  to  the  Royal  Society 
in  1747,  and  has  been  subsequently  tried  with  a  variety 
of  forms  of  boiler. 

3.  Mechanical  means  for  stirring  or  agitating  the  water,  pro- 

posed by  Sutton  Thomas  Wood  in  1784  (No.  1447),  "  to 
expose  a  greater  surface  of  the  heated  liquor  to  the  rarer 
medium  ;  and  by  opening  the  jx)res  of  the  water  to  cause 
the  weaker  steam  to  be  freed  from  that  weight  or  pres- 
sure that  before  confined  it,  and  enable  it  to  rise  and  mix 
itself  with  the  steam  above  the  surface  of  the  liquor  and 
thereby  increase  the  quantity.'* 

4.  Heating  surfaces  so  disposed  that   the   water,  instead  of 

being  in  a  compact  mass,  is  broken  up  into  thin  sheets,  so 
that  comparatively  small  quantities  are  acted  upon  by  the 
heat.  There  is  no  doubt  that  this  is  a  main  principle  of 
all  sectional  and  water-tube  boilers  ;  but  although  Wm. 
Blakey,  in  1766- 1774  (No.  848),  and  James  Rumsey  in 
1788  (No.  1673)  had  introduced  two  forms  of  these,  it  is 
probable  they  had  in  view  merely  the  question  of  steam 
pressure  and  not  that  of  rapid  steam  generation.  In  that 
case  the  merit  of  perceiving  the  effect  of  sub-division  on 
steam  generation  would  rest  with  Matthew  Pitts,  who  in 
1793  (No.  1943)  announced  that,  though  *Mhe  received 
opinion  "  at  that  time  was  that  '*  to  obtain  steam  a  com- 
pact body  of  water  was  required,'*  and  **  where  a  great 
body  of  steam  is  wanted  a  great  body  of  boiling  water  is 
necessary,"  yet  he  had  *' found  from  experience  that  a 
large  quantity  of  steam  can  be  obtained  by  having  in 
use  a  small  quantity  of  water  disposed  so  as  to  cover  a 
large  surface  ;  and  the  quantity  of  the  steam  is  in  pro- 
portion to  tlie  extent  of  surface  and  strength  of  heat.'* 

The  value  of  sub-division  in  view  of  safety  from 
explosion  seems  first  to  have  been  set  forth  by  Aaron 
Manby  in  his  patent  of  1821  (No.  4558). 
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5.  Revolving  Boilers, — These  apparently  aim  at  the  same  result 

as  d(^  the  arrangements  in  No.  3,  although  reversing  the 
order  of  procedure.  The  result  really  aimed  at  in  such 
devices  we  now  understand  to  be  increasing  the  efficiency 
of  the  heating  surface.  "  The  pores  of  the  water  "  were 
the  point  of  attack  in  olden  time,  but  now  it  is  the  trans- 
mission of  heat  to  and  through  the  boiler  surfaces  to  the 
water.  It  is  not  unlikely  that  the  idea  of  revolving 
boilers  may  have  been  suggested  by  such  engines  as 
Amonton's  tire- wheel  (of  1699),  described  and  illustrated 
in  Stuart's  **  Descriptive  History  of  the  Steam  Engine," 
or  by  some  other  form  of  the  rotary  engine,  the  idea  of 
which  was  popular  in  very  early  days. 

6.  Another  method   of  generating   steam,   which    had   some 

promise  of  success  from  more  than  one  point  of  view, 
was  suggested  as  early  as  1821  by  Aaron  Manby  in  his 
patent  No.  4558.  This  consisted  in  heating  a  compara- 
tively small  quantity  of  oil,  or  some  other  liquid  capable 
of  being  highly  heated  without  undergoing  decomposi- 
tion, and  causing  this  heated  substance  to  circulate 
through  tubes  or  passages  which  were  in  contact  with 
water.  This  plan  was  revived  as  lately  as  1876  (No. 
4235)  in  Barron's  btjiler,^  but  the  temperatures  reached 
by  the  modern  use  of  high  pressures  practically  remove 
it  from  the  list  of  methods  of  working  now  available. 
In  a  modiiication  of  this  method,  applicable  to  boilers 
in  which  small  quantities  of  water  are  successively 
flashed  into  steam,  a  fusible  alloy  was  employed  as 
the  medium  for  transmitting  the  heat  to  the  boiler 
surfaces. 

[See  also  J.  C.  Gamble  (No.  5327  of  1826)  and   Beale 
and  Porter  (No.  5609  of  1828)]. 

Jacob    Perkins'    method    might    be   considered    as    a 
distinct  system,  although  it  w-as  allied  in  a  certain  degree 
to  that  of  the  flash  boilers. 
Sectional  Steam  Boilers. — In  tracing  the  history  of  the  intro- 
duction of  sectional  or   water-tube   boilers,  some  writers  have 


*  Sec  Flaniiery  on  "The  Conslriictioii  of  Steam  Boilers  for  Hi^h  Pressure;*. 
Min.  Froc.  Inst.  C.E.,  Vol.  liv.,  p.  123. 
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gone  for  a  starting-point  to  Hero's  "Spiritalia  sen  Pneumatica/" 
on  account  of  its  containing  two  designs  of  automatic  apparatus 
(composed  partly  of  vertical  tubes)  in  which  a  small  quantity  of 
steam  when  formed  was  used  to  blow  up  a  fire  j)laced  on  a 
grate  on  the  top  of  the  apparatus.  These  were  not,  properly 
speaking,  boilers — if  for  no  other  reason,  because  the  steam 
could  perform  no  useful  work  outside  of  the  apparatus  itself — 
but  were  merely  two  forms  of  the  philosophical  toys  or  wonder- 
working mechanisms  which  were  proposed  or  used  to  impress 
the  superstitious  fancy  of  an  ignorant  people.  Small  differences 
in  the  temperature  and  pressure  of  air  and  w^ater  were  the  only 
forces  employed  in  them,  but  these  were  used  to  produce  often 
mysterious-looking  results. 

Apparently  the  earliest  design  of  a  sectional  or  water-tube 
boiler  on  record  is  that  of  \Vm.  Blakey,  who 
patented  in  1766  (No.  848)  some  improve- 
ments on  Savery's  engine.  A  high-pressure 
boiler  is  referred  to  in  his  patent,  but  accord- 
ing to  Stuart*  the  boiler  shown  in  Fig.  145 
was  not  invented  by  him  until  1774. 

The  boiler  as  thus  illustrated  consisted  of 
water  tubes  horizontally  placed  over  the  fire 
but  inclined  at  a  slight  angle  alternately  to 
right  and  left,  and  connected  at  their  ends 
by  bent  pipes,  so  as  to  provide,  with  these 
end  connections,  a  constantly  ascending  path 
for  the  steam  as  generated.     The  tubes  were 
thus  coupled  together  in  series,  and  formed  a  serpentine  coil  or 
flattened  spiral,  precisely  as  do   later    boilers,   notably  that   of 
Belleville,  of  which    Blakey 's    may  be    taken  as    illustrating  a 
single  *' element*'  in  a  simple  form. 

A  water-tube  boiler  of  different  design  appears  to  have  been 
introduced  by  Fitch  and  Voight  into  a  small  steamboat  in 
America  in  1787.  This  design  is  represented  in  Fig.  146,  and 
the  boiler  consisted  of  an  iron  tube  coiled  backwards  and 
forwards  in  the  combustion  space  of  a  furnace  formed  of  brick- 

*  Fiihlished  in  the  Collected  Works  of  the  Ancient  Mathematicians.  Paris  : 
lOg.v  Also  Translated  inlo  Enj^lish  by  Professor  Greenwood.    London  :  1851 . 

*  Stunt's  Descriptive  History  of  the  Steam  ^Engine.  London  :  1824.  The 
Steam  Enj*ine,  by  D.  K.  Clark,  Vol.  ii. 
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work.  Consequently  this  was,  strictly  speaking,  a  coil  boiler, 
and  the  Hrst  of  its  kind,  although,  in  a  general  way,  all  water- 
tube  boilers  in  which  the  steam  must  traverse  more  than  one 
tube  before  escaping  from  the  water  partake  of  the  nature  of 
coils.     James  Rumsey  claimed  that  he  was  the  inventor  of  this 

boiler,  and  had  a  public  controversy 
with -Fitch,  which  it  is  stated*  was 
not  altogether  favourable  to  Rumsey. 
It  is  admitted,  however,  that  Rumsey 
began  experiments,  having  in  view 
the  application  of  steam  to  naviga- 
tion, in  1774,  and  in  1786  (according 
to  Professor  Thurston)  "  he  suc- 
ceeded in  driving  a  boat  at  the  rate 
of  four  miles  an  hour  against  the 
current  of  the  Potomac  at  Shepherds- 
town,  West  Virginia,  in  presence  of 
General  Washington."  This  boat 
was  propelled  by  means  of  a  water- 
jet,  but  we  are  not  informed  as  to  the  exact  design  of  boiler 
which  was  employed  in  it.  Rumsey  took  out  a  patent  in 
Britain  in  1788  (No.  1673),  in  which  he  described  more  than  one 
form  of  boiler,  the  design^introduced  by  Fitch  and  Voight  being 
one  of  these,  whilst  there 
is  no  record  of  a  British 
patent  having  been  ob- 
tained by  these  latter. 

The  boiler  patented  in 
France  in  1793  by  Bar- 
low, and  introduced  into 
a  steamboat  there  some 
years  later  by  Robert 
Fulton,  a  celebrated 
American  engineer,  must 

also  rank  as  one  of  the  early  examples  of  water-tube  boiler 
design.  It  is  represented  in  Fig.  147,  and  the  illustration  shows 
it  to  have  been  constructed  of  iron  tubes  stretching  horizontally 
across  the  fires  and  having  their  ends  opening  into  flat  rectangular 

'  A    History   of  the   Growth  of  the    Steam    Kii^ine,   by    Prokssor   R.    H. 
Thurston.     V^ol.  xxiv.  of  the  International  Scientific  Series. 
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boxes  or  chambers,  each  common  to  all  the  tubes,  and  forming 
a  side  of  the  boiler.  The  use  of  a  flat  chamber  of  such  area 
is  a  defect  noticeable  in  the  design  of  this  and  one  or  two  early 
boilers  of  the  same  class,  but  in  later  forms  it  disappears, 
as  •'  headers "  of  comparatively  small  section  are  introduced. 
Barlow's  boiler*  is  said  to  be  preserved  at  the  Conservatoire 
des  Arts  et  Metiers  in  Paris,  but  there  is  no  record  of  its  design 
having  been  introduced  into  Britain  in  his  name.  One  of 
Rumsey's  designs  in  patent  No.  1673  of  1788,  seems  from  the 
description  to  resemble  Barlow's  plan. 

Tcschvntiic  Iter's  Boiler. — The  patent  of  J.  R.  Teschemacher  (No. 
1808  of  1 791)  contains  the  idea  of  a  lilm  system  of  evaporation 
applied  to  b()ilers\  His  boiler  was  in  form  a  Hat  rectangular 
pipe,  placed  vertically,  and  containing  a  series  of  inclined  planes 
like  hollow  shelves,  on  which  the  water  was  made  to  flow  down- 
wards in  a  zig-zag  direction  from  one  hot  shelf  to  an'other.  The 
rectangular  pipe  was  heated  externally  throughout  its  entire 
length  if  necessary,  and  communicated  with  a  vertical  steam- 
pipe  connected  with  the  various  inclined  cavities,  so  that  the 
steam  could  escape  as  it  was  formed. 

Whatever  the  defects  of  the  apparatus,  the  idea  of  exposing 
the  water  in  a  thin  layer  to  the  action  of  heat  was  original  and 
good.  It  has  not  often  been  applied  to  boilers,  but,  especiallv 
in  later  years,  has  become  of  importance  in  other  evaporating 
plant,  the  most  modern  forms  being  those  of  Yaryan  and 
Foster. 

Flash  Boilers. — The  system  lirst  suggested  by  Payne  found  in 
early  days  many  followers.  The  flashing  of  small  quantities  of 
water  into  steam  by  sudden  contact  with  very  hot  metal  surfaces 
was,  in  fact,  as  has  been  remarked  elsewhere,  a  favourite  idea 
witli  early  inventors.  John  Payne's  patent  (No.  555  of  1736) 
did  not  describe  his  boiler,  but  later  he  gave  a  description  of  it 
in  a  paper  to  the  Royal  Society  of  London.'  It  appears  from 
that  account  that  his  boiler  was  shaped  like  a  balloon,  the  middle 
portion  being  exposed  to  the  flame  and  hot  gases  from  a  furnace. 
Inside,  a  small  revolving  wheel,  like  a  Barker's  wheel,  threw  the 
water  in   spray  from  its  circumference   upon   the  highly  heated 

'  Sec   also    "  Dcs    Macl)iiicN   ;i   Vapciir,"    by   A.    Mi>nn  and    H.    Trcsca. 
Hachctto  and  Co.     Paris  :   1SO3.     Vol.  i.,  p.  253. 
»  See  Phil.  Trans.,  1747,  p.  828. 
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surfaces,  on  coming  into  contact  with  which  it  was  at  once 
converted  into  steam.  Any  unevaporated  water  fell  to  the 
bottom  of  tlie  vessel  and  was  removed  by  a  pump.  Subsequent 
inventors  introduced  variety  in  the  details,  whilst  adhering  to 
the  main  system. 

Matthew  Pitts  and  Thos.  Strode  (No.  1867  of  1792)  used  an 
**  ovoidal  "  vessel  or  chamber  having  a  tube  or  pipe  for  water 
inserted  at  the  top.  A  small  stream  of  water  falling  from  a 
height  through  this  pipe  splashed  into  spray  which  fell  on  the 
heated  surfaces. 

John  Dale  (No.  1950  of  1793),  on  the  contrary,  used  a  force 
pump  to  project  a  number  of  small  jets  of  water,  hot  from  a 
condenser,  against  the  upper  portion  of  a  boiler  surface  kept  at 
nearly  a  red  heat. 

Richard  Willcox  (No.  2493  of  1801)  did  not  describe  any 
special  form  of  apparatus,  but  seemed  to  appreciate  the  fact  that 
it  was  possible  to  have  the  metallic  plate  heated  to  such  a  point 
that  the  water  might  be  chemically  dissociated. 

John  Seaward  (No.  4356  of  18 19)  proposed  to  use  a  flattened 
coil  of  tubes  set  in  a  furnace,  the  lirst  two  horizontal  lengths 
forming  the  roof  of  the  furnace  and  the  others  being  in  the  flue 
space  beyond.  The  water  was  to  be  heated  in  a  casing  or  jacket 
surrounding  the  vertical  flue,  and  injected  by  a  force  pump  into 
the  first  tube  of  the  series  placed  directly  over  the  fireplace.  On 
entering,  the  water  was  to  strike  against  the  apex  of  a  conical 
plug  so  as  to  be  hnely  sprayed  against  the  sides  of  the  tube. 

Sir  \Vm.  Congreve  (No.  4593  of  1821)  proposed  injecting 
small  quantities  of  boiling  water  from  time  to  time  into  a  small 
inverted  receiver  placed  in  a  melted  alloy  melting  at  about 
300°  F.,  or  fusible  metal  melting  at  200°  F.  By  this  arrange- 
ment he  imagined  that  a  boiler  could  be  dispensed  with.  Alter- 
nately the  water  was  to  be  injected  on  the  heated  alloy  in  a 
vessel  or  chamber.  This  patent  has  a  better  claim  to  notice  in 
the  fact  that  it  contains  one  of  the  first  suggestions  for  super- 
heating steam  on  its  progress  from  the  boiler  to  the  cylinder. 
The  true  value  of  superheating  was  of  course  not  yet  known. 

John  Theodore  Paul  (No.  4950  of  1824)  formed  a  boiler  of  a 
continuous  length  of  copper  pipe  coiled  in  the  form  of  two  con- 
centric cylinders  or  spirals  slightly  conical,  the  annular  space 
between  the  two  being  occupied  by  the  fuel  which  was  to  be 
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fed  into  it  from  a  pipe  or  shoot  above.  The  patent  set  forth 
that  for  a  two  horse-power  engine,  with  a  pressure  of  150  lbs. 
per  square  incli,  the  copper  pipe  should  be  150  feet  long,  three- 
sixteenths  of  an  inch  internal  diameter,  and  one-sixteenth  in 
thickness.  This  might  be  supposed  to  be  an  ordinary  coil 
boiler  but  for  the  statement  in  the  patent  that  the  length  of  pipe 
should  be  sufiicient  that,  when  heated  •  in  its  whole  length 
below  redness,  the  water  which  was  forced  into  it  at  one  end 
should  issue  from  the  other  end  as  steam  of  the  required  pres- 
sure. The  water  was  to  enter  at  the  top  of  the  outside  coil, 
descend  it,  and  then  ascend  the  inner  one.  There  was  thus  no 
circulation,  in  the  ordinary  sense,  in  this  boiler,  but  the  water, 
gradually  warmed,  was  to  be  Hashed  into  steam  as  soon  as  it 
reached  a  certain  point. 

John  McCurdy  (No.  4974  of  1824),  a  month  later,  proposed  a 
boiler  formed  of  cast  iron  tubular  chambers,  6  to  12  feet  in  length 
and  from  5  to  10  inches  in  the  bore,  having  a  small  perforated  tube 
or  injection  barrel  extending  through  the  w^hole  length  of  each. 
By  means  of  these  perforated  tubes  the  water,  when  forced  in  by 
a  pump,  was  sprayed  radially  throughout  the  whole  length  of 
the  chambers  and  Uasiied  into  steam  from  their  hot  surfaces. 

Wm.Gilnian  and  J.  \V.  Sowerby  (Ko.  5150  of  1825)  proposed 
to  spread  the  water  in  a  thin  lilm  over  the  inner  surface  of 
cylindrical  boilers  by  means  of  the  centrifugal  action  of  agitators 
inside,  and  J.  C.  C.  Raddatz  (Xo.  5163  of  1825)  proposed 
\ertical  metallic  tubes,  closed  at  the  bottom  end  and  coupled 
to  a  common  chamber  above,  to  be  wholly  immersed  in  a  bath 
of  fluid  tin  and  lead  alloy.  A  small  jet  of  water,  introduced  into 
the  lop  of  each  tube  from  a  common  supply  pipe  led  through 
the  horizontal  steam  chamber,  instantly  formed  steam  by  contact 
with  the  heated  tube. 

These,  with  the  boilers  proposed  by  M.  S.  Boutigny  (see  No. 
786  of  1855)  and  M.  F.  Isoard  (No.  1637  of  1855),  are  amongst 
the  most  important  of  the  earlier  suggestions  for  that  method  of 
working.  In  more  recent  years,  this  system  has  been  more 
identified  with  a  tubulous  form  of  boiler,  or  with  capillary 
passages,  as  in  the  earlier  boilers  of  Herreshoff  and  Belleville, 
and  in  the  boilers  of  Serpollet  in  France,  De  Laval  in  Sweden, 
and  Simpson  and  Bodman  in  England. 

Jacoh  Perkins^  System. — Although  it  was  to  some  extent  allied 
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to  the  method  of  making  steam  by  flashing,  yet  the  system  pro- 
posed by  Jacob  Perkins  (in  No.  4732  of.  1822,  and  No.  5477  of 
1827)  possessed  features  which  entitle  it  to  be  regarded  as  an 
entirely  original  one.  Perkins'  idea  was  to  heat  water,  in  a 
suitable  vessel,  to  400°  or  500"  F.,  the  vessel  being  quite  full  of 
water.  Then,  by  forcing  an  additional  small  quantity  of  water 
into  the  vessel  by  a  pump,  a  corresponding  quantity  of  the 
superheated  water  would  escape  by  means  of  a  valve  into  a 
steampipe,  \yhere  it  would  instantly  flash  into  steam.  He  lirst 
proposed  a  copper  cylindrical  vessel  of  three  inches  thickness  for 
this  process,  and  afterwards  described  a  boiler  composed  of 
small  horizontal  tubes  set  like  retorts  in  a  furnace,  similar  hori- 
zontal pipes  being  provided  for  the  steam  as  formed.  Apart 
from  the  fact  that  in  his  later  patent  he  proposed  to  pass  the 
steam  when  formed  through  water  which  was  not  externally 
heated,  and  would  thus  lose  heat  uselessly,  the  process  of  gene- 
rating steam  in  that  way  is  not  likely  to  be  economical  and  is  not 
free  from  objections  on  the  score  of  practicability. 

Practically  the  same  system  was  repatented  by  Samuel  Roberts 
on  nth  April,  1861  (No.  898). 

Woolf^s  Boiler. — Although  Richard  Shannon  (No.  2212  of  1798) 
proposed  an  arrangement  of  coppers  for  evaporating,  which  was 
also  suitable  for  the  construction  of  boilers  and  suggests  the  form 
of  Woolf's  boiler,  and  James  Sharpies  (No.  2576  of  1802)  pro- 
posed a  sectional  boiler  formed 
like  a  wheel,  yet  the  boiler 
patented  by  Arthur  Woolf  (No. 
2726  of  1803)  was  the  first 
practicable  water- tube  boiler 
after  Blakey^s  and  Rumsey's. 
Woolf s  boiler.  Fig.  148,  was 
composed  of  horizontal  water- 
tubes,  placed  over  a  lire  parallel 
to  one  another  and  a  small 
distance  apart.  When  nine  tubes  were  employed  the  flreplace  was 
formed  under  the  first  four  tubes,  then  the  flame  and  hot  gases 
w^ere  carried  along  under  the  fifth,  above  the  sixth,  round  and 
under  the  seventh,  round  and  above  the  eighth,  round  and  below 
the  ninth,  then  back  by  a  zig-zag  flue  in  the  opposite  order  to  the 
front  of  the  boiler  and  then  to  a  chimney  placed  above.     Each 


fk;.  148. 


3^^^ 


tjip:  practical  physics  of 


horizontal  tube  was  connected  by  a  short  vertical  tube  to  a  large 
cylindrical  vessel  which  was  placed  transversely  across  the  centre 
of  the  tubes,  and  the  course  of  the  hot  gases  was  arranged  to 
miss  these  vertical  pipe  connections.  The  water  level  stcod 
about  half  way  up  in  the  diameter  of  the  upper  chamber,  the 
upper  half  of  that  vessel  forming  the  steam  space. 

Cast  Iron  Boilers. — Woolf's  boiler  was  constructed  of  cast  iron, 
but  this  material,  although  much  used  for  boilers  in  early  days, 
could  not  attain  an  extended  use  in  presence  of  wrought  iron  or 
steel  when  they  became  available.  It  was,  'however,  proposed 
for  the  sectional  boilers  invented  by  J.  McCurdy  in  1824  (No. 
4974),  which  was  a  Hash  boiler  composed  of  tubular  chambers 
heated  on  the  outside,  with  concentric  perforated  tubes  for 
spraying  the    water   within  ;  of  Henrik   Zander   in    1839    (No. 

8  III.),  which  was  a  cellular 
form  of  lx)iler  ;  in  the  case  of 
the  tirst  Babcock  and  Wilcox 
boiler  ;  and  in  the  later  water- 
tube  or  sectional  Iwilers  of 
Miller,  Harrison,  Allen,  and 
the  E.xeter  boiler. 

Sinrns'    Boiler. — The    boiler 
made  by  John   C.  Stevens,  of 
^^.  j^^^  New  York,  in   1804,  may  also, 

according  to  the  late  Mr.  Zerah 
Colburn,*  have  been  constructed  of  cast  iron,  but  the  particulars 
given  by  Professor  Thurston  ■  would  rather  lead  to  the  conclu- 
sion that  it  was  formed  of  copper  tubes  cast  in  brass  tube  plates, 
one  end  of  the  tubes  being  plugged  by  caps  of  cast  iron  or 
brass. 

Stevens'  boiler  is  show^n  in  Fig.  149.  It  contained  100  tubes 
2  inches  in  diameter  and  18  inches  long,  each  fastened  at  one 
end  to  a  central  water  chamber,  the  upper  part  of  which  formed 
a  steam  drum,  and  plugged  at  the  other  end,  a  bolt  passing 
through  each  cap  and  tieing  it  to  the  tubeplate. 

Stevens'  British  patent  was  taken  out  in  1805  (No.  2855),  but 
does  not  describe  the  boiler  illustrated. 

'  Proc.  Inst.  Mcch.  Kn«4iMccrs,  1.S64.  p.  72. 

'  Hist,  of  the  Steam  Kii^iiic,  p.  266.  Trans,  of  the  Inst.  E.  and  S.  in  Scot- 
land, Vol.  41.  p.  62. 
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Miller's  Boiler. — Miller's  boiler  was  undoubtedly  a  cast  iron 
boiler.  It  was  designed  by  Mr.  Joseph  A.  Miller,  of  New  York, 
and  was  introduced  into  Britain  in  1868,  having  been  described 
and  illustrated  in  Engineering  of  4th  December  and  The  Engineer 
of  25th  December  of  that  year.  An  account  of  it  was  presented 
to  the  Institute  of  Mechanical  Engineers  in  1871  by  Mr.  John 
Laybourne  (see  Proceedings  1871,  p.  263).     Its  form  is  shown  in 

THE    AMERICAN    SAFETY    BOILER 
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Figs.  150  and  151.  It  was  constructed  of  a  number  of  units 
in  the  form  of  vertical  conical  tubes  connected  by  transverse 
horizontal  tubes  at  the  bottom  and  near  the  top.  The  fireplace 
was  formed  by  special  units  in  the  shape  of  a  semicircular  arch. 
Circulation  of  the  water  was  ensured  by  the  insertion  of  mid- 
feathers  in  the  furnace  units  and  internal  *'  Perkins  "  or  **  Field  " 
tubes  in  the  rear  units.  Some  dimensions  and  results  of 
work  with  this  boiler  will  be  found  in  the  papers  quoted  above, 
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and  in  "  The  Steam  Engine/'  by  the  late  D.  K.  Clark  (Vol.  ii., 
p.  787). 


Harrison's  Boiler. — The  boiler  designed  by  Mr.  Joseph  Har- 
rison,of  Philadelphia,  U.S.A.,  is  shown  in  Figs.  152, 153,  and  154. 
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It  was  formed  of  hollow  cast  iron  spheres  connected  by  hollow 


KIC.    154. 


necks,  each  unit  casting  consisting  of  four  spheres  8  inches  external 
diameter,  \  inch  thick,  connected  by  necks  with  3^  inches  opening, 
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the  various  units  being  secured  together  by  internal  bolts  of  i^^ 
inch  diameter.  As  described  to  the  Institute  of  Mechanical 
Engineers  by  Mr.  Zerah  Colburn  in  1864  (Proceedings  1864, 
p.  61)  the  boiler  >\'as  set  at  an  angle  over  the  fire,  but  a  later 
form  in  which  the  spheres  are  arranged  vertically  is  known 
as  the  Wharton- Harrison  boiler  and  is  illustrated  in  Fig.  155. 
Harrison's  British  patents  are  1859  (^^-  '97o)  and   1862  (No. 
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1340).  Some  results  of  trials  of  this  boiler  in  competition  with 
other  boilers  at  the  International  Exhibition  at  Philadelphia  in 
1876  will  be  found  in  Chapter  IX.,  and  in  '*  The  Steam  Engine," 
by  D.  K.  Clark  (Vol.  i.,  pp.  253-263). 

Allen  Boiler. — The  Allen  boiler  is  also  of  American  origin,  and 
was  composed  of  horizontal  cast  iron  chambers  or  cylinders 
from  which  wrought  iron  tubes  3^  inches  diameter,  closed  at 
the  bottom  ends  by  screwed  caps,  depended  at  a  slight  angle. 
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It  is  represented  in  Fig.  156.  The  hanging  tubes  over  the  fire  are 
made  shorter  than  those  in  rear  of  the  furnace  in  order  to  form 
a  combustion  space.  As  these  tubes  were  not  furnished  with 
internal  tubes  for  circulation,  they  were  hung  at  an  angle  towards 
the  back  of  the  furnace  in  order  to  favour  circulation  and  sepa- 
ration of  the  steam  from  the  water.  Particulars  of  the  per- 
formance of  this  bpiler  in  the  trials  at  the  American  Institute 
Exhibition  will  be  found  in  Chapter  IX. 

The  Exeter  Boiler^  Fig.  157,  consists  of  rectangular  hollow 
slabs  of  cast  iron,  placed  in  rows  across  the  boiler  setting,  and 
forming  a  series  of  vertical  leaves  or  chambers  pierced  with 
passages  for  the  hot  gases.  The  leaves  are  connected  by  small 
branch    pipes   passing   through  the  brickwork  to  a  steampipe 
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above  and  a  feedpipe  below.  The  steam  pipes  connect  with  a 
steam  drum  placed  across  the  centre  of  the  boiler  above  the 
brickwork.  The  water  level  stands  at  about  two-thirds  of  the 
height  of  the  leaves.  This  is  an  American  boiler  which  was 
tested  with  others  at  the  International  Exhibition,  Philadelphia, 
in  1876.     It  does  not  seem  to  have  been  widely  introduced. 

Hotizontal  Tube  Boilers. — The  design  which  employs  horizon- 
tally placed  water  tubes — either  horizontal  or  slightly  inclined 
tubes — is,  as  we  have  seen,  the  earliest  which  was  used  in  the 
construction  of  water-tube  boilers,  and  it  remains  in  use  till  the 
present  day.  The  modilications  of  this  design  are  chiefly  con- 
cerned with  the  methods  by  which  the  ends  of  the  tubes  are 
connected,  and  these  methods  broadly  divide  these  boilers  into 
two  groups — viz.,  those  in  which  the  tubes  in  a  vertical  row  are 
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connected  "  in  series,"  so  that  the  water  and  steam  must  traverse 
each  tube  in  the  row  successively,  and  those  which  have  the 
tubes  coupled  '*  in  parallel,"  where  the  tubes  are  supplied  with 
water  from  a  common  water  chamber,  and  the  steam  from  each 
tube  can  escape  directly  to  the  steam  chamber  without  traversing 
more  than  a  single  tube.  The  former  method  is  illustrated  in 
the  boilers  of  Blakey,  Julius  Griffith,  1821    (No.  4630),    Moses 
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Poole,  1829  (No.  5815),  Andrew  Smith,  1838  (No.  7916),  J.  F. 
Belleville,  1852  (No.  725),  1856  (No.  1606),  i860  (No.  155),  1865 
(No.  3269),  and  Martin  Benson,  1858  (No.  1903).  The  latter 
method  finds  illustration  in  the  boilers  of  Rumsey,  Barlow, 
Woolf,  and  Stevens  already  mentioned,  and  in  those  of  Julius 
Griffith  (a  later  design  than  that  of  his  patent  of  1821),  \V.  H. 
James,  1832  (No.  6297),  Joel  S^iiller,  1835  (No.  6897),  Earl  of 
Dundonald,  1835  (No.  6923),  G.  H.  Moreau,  1842  (No.  9562), 
which  was  a  boiler  similar  to  Woolf's  but  made  of  copper  tubes  ; 
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Thos.  Lawes,  1851  (No.  13440),  who  formed  channels  for  the  hot 
gases  by  placing  his  tul^s  close  together  ;  John  Brayshay,  1856 
(No.  1738) ;  \V.  G.  Rimsden,  i860  (No.  589)  ;  Babcock  and 
Wilcox,  and  later  boilers.  In  the  case  of  the  boilers  of  F. 
Maceroni,  1839  (No.  8229),  \V.  E.  Newton,  1849  i^^-  '^y^S)* 
and  A.  W.  Williamson  and  Loftus  Perkins,  1859  (^o.  2208),  the 
movement  of  the  steam  and  water  was  necessarily  confused,  in 
consequence  of  the  method  of  connecting  horizontal  with 
vertical  tubes  which  was  adopted.  In  some  other  instances  the 
horizontal,  or  horizontally  inclined,  tubes  were  closed  or  plugged 
at  one  end,  and  therefore  only  opened  into  boxes  or  headers  at 
one,  usually  the  front,  end.  This  finds  illustration  in  the  boilers 
of  Alban  (about  1843),  Kelly,  Lane,  Niclausse  and  Durr,  the  four 
latter  having  either  internal  tubes  or  diaphragms  for  circulation 
of  the  water  by  separating  the  currents  of  steam  and  water. 
Both  the  **  Barrow  "  boiler  of  J.  and  F.  Howard  and  Root's 
boiler  have  a  modilication  of  the  parallel  coupling  ;  whilst  a 
recent  one  of  F.  E.  Kainey  has  a  combination  of  both  series  and 
parallel  couplings  in  the  same  boiler,  the  series  connections  being 
of  course  short-circuited  by  this  means. 

A  boiler  constructed  of  horizontal  tubes  coupled  in  series  and 
forming  in  this  way  a  Hattened  spiral  is  not  properly  a  coil 
boiler,  because,  not  only  is  the  horizontal  tube  the  unit  proper  of 
the  boiler,  but  also,  in  general,  the  bends  or  end  connections  are 
either  not  at  all,  or  only  slightly,  exposed  to  the  heat,  and  are  not 
used  as  part  of  the  heating  surface  for  steam  generation.  The  fact 
that  there  are  joints  to  preserve  at  these  parts  is  sufficient  reason 
why  they  should  be  treated  differently  from  the  body  of  the  tubes. 

Similarly  there  is  no  reason  why  the  boilers  of  Lane,  Niclausse, 
Kelly,  and  Diirr  should  be  considered  as  being  anything  but 
horizontal  tube  boilers,  any  more  than  should  the  boiler  of 
Alban.  The  mere  fact  that  they  have  provision  for  the  circula- 
tion of  the  water  in  the  horizontal  tubes  by  means  of  internal 
concentric  tubes,  which  Alban  had  not,  only  differentiates  them 
as  to  completeness  of  detail  and  not  as  to  the  general  form  or 
design. 

It  is  apparent  that  the  action  taking  place  in  boilers  of  any 
of  these  groups  is  substantially  the  same  as  that  which  goes  on 
in  the  others,  in  this  respect,  that  the  steam  which  is  generated 
in  any  of  the  horizontal  tubes   must  at  once  rise  to  the  upper 
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surface  of  the  tube  abng  which  it  will  proceed  to  the  end. 
This  is  shown  in  the  illustration  of  a  glass  model  of  such  a  boiler 
(Fig.  no).  Where  steam  is  being  generate.d  very  rapidly  a  con- 
siderable proportion  of  the  upper  surface  of  the  tubes  will  thus 
be  in  contact  only  with  steam  within,  and  although  that  portion 
may  be  shielded  from  the  radiant  heat  of  the  hre,  yet  it  is  ex- 
posed to  contact  with  flame  and  hot  gases  on  the  outside,  and 
is  therefore  liable  to  be  raised  to  a  higher  temperature  than  the 
lower  half  of  the  tube  which  retains  water  in  contact  with  its 
surface.  This  tends  to  the  production  of  strains  in  the  indi- 
vidual tubes,  which  should  be  avoided.  In  the  group  with 
''  series  "  connections  this  result  is  necessarily  accentuated,  as 
each  tube  in  a  series  has  to  convey  not  only  the  steam  generated 
within  itself,  but  also  all  generated  in  the  tubes  immediately 
below  it  in  that  series.  In  result,  too,  this  causes  the  topmost 
row^  or  rows  of  tubes  to  be  practically  denuded  of  water  ;  that 
which  they  contained  at  starting  having  been  forced  upwards 
into  the  steam-drum  by  the  rush  of  steam  from  below,  and  the 
same  cause  operates  in  preventing  any  of  that  water  draining 
back  into  these  tubes  from  the  steam  drum.  No  water,  or  only 
a  little  in  a  frothy  foam,  can  reach  these  tubes  from  below,  so 
that  in  such  cases  there  may  be  a  row  or  two  of  tubes  which  are 
wholly  raised  to  a  higher  temperature  than  those  lower  down, 
and  this  will  introduce  further  strains  in  the  structure  of  the 
boiler. 

It  is  apparent  that  no  advantage  can  be  derived  from  causing 
the  steam  to  be  detained  in  contact  with  the  water,  but  that,  on 
the  contrary,  the  steam  once  formed  should  be  able  to  escape 
by  a  direct  route  straight  to  the  steam  chamber.  For  similar 
reasons,  as  soon  as  the  steam  and  the  water  carried  up  by  it 
have  separated,  the  water  should  be  returned  by  the  most  direct 
road  to  the  point  at  which  it  is  available  for  supply  to  the  heat- 
ing surfaces.  Even  with  vertical  water  tubes  a  rapid  generation 
of  steam  causes  the  projection  of  a  good  deal  of  water  into  the 
steam  chamber  along  with  the  steam,  and  there  is  nothing  in 
the  horizontal  tube  design  to  cause  that  action  to  be  less  in  its 
case. 

Boilers  of  this  design  have  the  further  disadvantage  that,  if 
placed  athwartships  in  a  steamer,  they  are  liable  to  have  their 
circulation  of  water  and  steam  interrupted  and  even  reversed 
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during  and  in  consequence  of  the  rolling  of  the  ship  in  a  sea- 
way. As  long,  however,  as  the  present  rate  of  steam  generation 
per  square  foot  of  surface  continues  to  be  the  best  result  aimed 
at,  it  is  probable  that  this  design  of  boiler  will  be  used,  and  will 
compare  more  or  less  favourably  with  other  designs,  worked 
under  the  same  conditions. 

Hancock's  Boiler. — Amongst  early  examples  of  this  form  of 
boiler  Mr.  C.  H.  Wingtield  advanced  the  one  shown  in  Fig.  158, 
which  he  ascribed  to  Walter  Hancock,  who  was  best  known  in 
connection    with  the  use  of  a  cellular  form  of  boiler  in  road 

vehicles.  Mr.  Wingtield  said  •  that, 
"  in  connection  with  Hancock's  boiler, 
it  was  not  generally  known  that  he  at 
fust  used  a  boiler  with  horizontal 
tubes  connected  at  their  ends,  F"ig.  158. 
This  he  abandoned  for  his  boiler  of 
1827,  consisting  of  flat  leaves,"  &c. 
Mr.  Wingfield,  however,  did  not  men- 
tion from  what  source  he  derived  his 
information,  and  the  boiler  illustrated 
was  not  patented  by  Hancock. 

Gnjfith's  Boiler.  —  Another  early 
boiler  made  on  this  plan  was  the  one 
employed  by  Mr.  GriftUh  in  his  steam 
carriage*  built  by  Bramah.  This  is 
shown  in  Fig.  159.  Griffith's  patent 
of  1821  described  a  boiler  of  hori- 
zontal tubes  connected  at  the  ends  by 
semicircular  bends,  the  feed  water  being  caused  to  travel 
through  the  whole  in  series.  In  this  instance  of  experimental 
work,  however,  he  adopted  the  parallel  system  of  coupling  the 
tubes,  as  will  be  seen.  We  have  it  from  Sir  F.  Bramwell '  that 
this  boiler  never  could  be  kept  tight,  so  that  the  steam  carriage 
did  not  succeed  ;  and  Mr.  A.  Gordon,  in  his  "  Historical  and 
Practical  Treatise  upon  Elemental  Locomotion  by  means  of 
Steam  Carriages  on  Common  Roads,'*  records  a  similar  result. 


^  Trans.  Inst.  Kn^.  and  Sliipbuilders  in  Scotland.     Vol.  xli.,  pp.  81-82. 
"  Gordon's  Locomotion  on  Common  Roads,  p.  41. 

^  Kcininisccnces  of   Steam    Locomotion   on    C(»mmon   Koads.     Section   G, 
British  Assoc,  1894.     Engimrr  17  Aug.,  1S94,  p.  132. 
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Although  only  six  horizontal  tubes  and  two  vertical  boxes,  or 

headers,  are  shown  in  the  Fig.  159,  simibir  rows  of  tubes  and 

headers  w'ere  placed  behind  these,  so  that  there  were  114  tubes 

in  the  boiler.     Three  transverse  horizontal  steam   domes  were 

placed     above     as    shown. 

The    horizontal    tubes,    Mr. 

Gordon     remarks,    "  w^ould 

not   always    contain   water, 

and   when    empty,   got    so 

heated  that  no  force  pump 

could  inject  the  water  ;  on 

this  account    the    invention 

was  dropped." 

Andrciv  Smith's  Boiler. — 
The  boiler  of  Andrew  Smith, 
mentioned  above,  possessed 
the  original  feature  that, 
whilst  the  rows  of  horizontal 
tubes  were  connected  in 
series,  their  diameter  was 
increased  as  the  rows  as- 
cended. This  showed  that 
he,  at  any  rate,  appreciated 
the  effect  of  that  mode  of 
connection  upon  the  steam 
and  water  circulation  in  the 
boiler. 

Al  ban's    Boiler.  —  About 
1843    Dr.  Ernst    Alban,    of 
Plan,    Mecklenburg,    intro- 
duced   a    water-tube    boiler 
composed      of      horizontal 
tubes   slightly  inclined    up- 
wards   towards     the     front 
end,    at    which    they   were 
screwed   to    the  backplate   of   a   rectangular    chamber.      Figs. 
160,   161   and    162   illustrate   this  boiler.      The  tubes  were    of 
copper  4  inches  in  diameter,  ,V»th  inch  thick,  and  from  4J  to 
61   feet   in    length,   according    to    the   size    of    boiler   wanted.' 
The  rows  were  disposed   so  as   to   break  joint  vertically,  the 
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advantages  of  this  arrangement  in  view  of  the  circulation  of  the 
heated  gases  being  apparent.  (See  on  this  point  N.  J.  Suckling, 
"  On  Modern  Systems  of  Generating  Steam,"  Society  of  Engi- 
neers, 1874,  and  The  Engineer,  28th  February,  1873,  ^"^  ^9^^ 
May,  1874;  and  James  Howden,  "  The  Comparative  Merits  of 
Cylindrical  and  Water-tube  Boilers  for  Ocean  Steamships," 
Trans.  Inst.  N.  A.,  1894.)  An  English  translation  of  Dr.  Alban's 
treatise  was  published'  in  1848,  and  his  boiler  was  described  by 
Mr.  V'aughan  Pendred  in  a  paper  on  '*  Water-tube  Boilers  " 
(Transactions  of  the  Society  of  Engineers,  6th  May,  1867),  and 
by  Mr.  D.  K.  Clark  in  '*  Tlie  Steam  Engine/'  <&c.  (Vol.  ii.. 
Pi  75^)-  ^  *^^  back  ends  of  the  tubes  were  closed  by  a  screw 
cover  in  each,  which  could  be  removed  for  the  purpose  of 
cleaning  out  the  tube.     The  provision   made  for  circulation   of 


the  water  in  the  tubes  was  limited  lo  certain  arrangements  in 
the  front  chamber.  At  the  end  of  each  tube  there  were  two 
oval  openings  in  the  backplate  of  the  chamber,  the  upper  one 
for  the  escape  of  steam  from  the  tube  and  the  lower  one  for 
admission  of  water  to  the  tube.  The  chamber  itself  was  con- 
nected to  two  cylindrical  horizontal  vessels  above,  placed  in  the 
same  direction  as  the  tubes,  and  the  connection  from  one  of 
these  was  carried  down  to  the  bottom  of  the  front  chamber, 
whilst  the  other  had  access  directly  to  the  top  of  it.  The 
intention  of  this  was  to  convey  the  water  from  one  down  to  the 
lowest  point  in  the  tube  chamber,  from  which,  m  Howing 
upwards,  it  was  directed  across  the  rows  of  tubes  by  division 
plates,  and  these  also  served  to  direct  the  steam  clear  of  the 

*  The  High-Pressure  Steam  Engine,  by  Dr.  Krnst  Alban.     Translated  from 
the  German  by  Dr.  \Vm.  Pole,  F.K.S.      1848. 
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tubes  above,  so  that  it  collected  on  the  side  where  it  found  the 
opening  into  the  other  horizontal  vessel  above. 

Figures  of  proportions  bi  this  boiler  and  of  results  of  working 
will  be  found  in  the  papers  quoted  above. 

Belleville^ s  Boilers. — The  first  British  patent  taken  out  by  Julien 
Francois  Belleville  was  dated  in  November,  1852  (No.  725).  It 
described  a  combination  of  horizontal  and  vertical  coiled  pipes, 
and,  as  made,  the  Loiler  was  probably  not  unlike  the  one  illus- 
trated in  Bertin  and  Robertson's  '*  Marine  Boilers  "  (p.  224)  as 
having  been  tried  in  the  **  Biche," 
without  success. 

In  July,  1856  (No.  1606),  another 
arrangement  of  these  coiled  or 
serpentine  tubes  was  proposed  in 
which  only  horizontal  tubes  were 
employed.  In  both  of  these 
designs  the  water  was  first  heated 
in  the  portions  of  the  coils  or 
tubes  farthest  from  the  fire,  and 
after  circulating  in  them  was 
made  to  pass  through  those 
nearer  the  fire,  finally  finishing  in 
those  immediately  over  or  at  the 
side  of  the  furnace.  This  was 
practically  the  flashing  system, 
as  the  tubes  exposed  to  the  direct 
heat  of  the  fire  could  never  con- 
tain any  water,  although  they 
might  be  useful  in  superheating 
the  steam. 

Further  patents  in  i860  (No.  155),  1865  (No.   3269),  and 
(No.    2976),  followed,    from    which    the    modern    form  of 
Belleville  boiler  has  been  developed. 

Patents  were  also  taken  out  in  1869,  1872,  1880  (No.  5447), 
1884  (No.  1 1851),  1889  (Nos.  14873  and  15356),  and  i892*(Nos. 
11615,  22250,  and  22251),  1895  (Nos.  1336  and  1729),  1896  (No. 
14868).  An  early  form  of  the  Belleville  boiler,  in  which  junc- 
tion boxes  were  used  only  at  the  front,  the  tubes  being  bent  at 
the  back  so  as  to  bring  both  ends  parallel  to  the  front,  one  being 
above  the  other,  is  illustrated   in   Mr.  Thornycr  ^ft's  paper  on 
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Water-tube  Steam  Boilers  in  Min.  Proc.  Inst.  C.  E.,  Vol.  xcix., 
Plate  I.,  Figs.  3a. 

The  first  of  these  latter  patents*(i86o)  describes  the  boiler 
illustrated  in  Fig.  163,  which  is  quite  a  coil  boiler,  but  did  not 
succeed  when  tried  in  the  ''  Argus  "  and  the  '*  Sainte  Barbe  "  in 
1861.  This  form  bears  some  resemblance  to  the  earlier  arrange- 
ment of  parts  in  the  Du  Temple  boiler. 


fk;.  164. 


In  the  boilers  of  1866,  1869,  and  1872,  the  feed  inlet  enters 
directly  opposite  the  end  of  the  lowest  horizontal  tube  in  the 
front  box  or  header,  and  the  steam  separator  is  merely  a  tube  of 
small  diameter  surmounting  a  similar  tube  used  as  a  collector, 
small  branch  pipes  connecting  the  two.  In  the  later  boilers  the 
connecting  boxes  at  the  ends  are  placed  horizontally,  instead  of 
vertically  as  formerly,  a   feed    collector   and  arrangements  for 
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Fu;.  jf5. 


38o 


THK  PRACTICAL  PHYSICS  OF 


Side  elevation. 
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automatic  regulation  of  the  feed  are  added,  and  the  steam 
separator  is  a  vessel  of  cylindrical  form  with  internal  baffle 
plates.  The  latest  forms  have  in  addition  a  feed-heater  com- 
posed of  short  tubes,  arranged  like  the  steam  generating  tubes, 
placed  in  the  flue  space  above  the  generator. 

Fig.  164  shows  the  modern  form  without  feed-heater,  and 
Figs.  165  and  166  the  arrangement  finally  adopted  with  feed- 
heater.  Detailed  descriptions  will  be  found  in  Bertin  and 
Robertson's  "  Marine  Boilers,"  Sennett  and  Oram's  "  Steam 
Engine,"  and  in  various  papers  in  the  Proc.  Inst.  C.  E.  and 
Trans.  Inst.  N.  A. 

The  Belleville  boilers  of  H.M.S.  *'  Diadem  "  are  illustrated  in 
The  Mechanical  Engineer  oi  9th  April,  1898. 


KIG.    167. 

Wilcox's  Boiler. — The  boiler  shown  in  the  accompanying 
illustration  (Fig.  167)  is  said  by  Professor  Thurston  to  have  been 
invented  by  Stephen  Wilcox  in  America  in  1856,  and  thus  in 
a  certain  way  to  have  led  up  to  the  Babcock  and  Wilcox  boiler 
of  to-day,  although  there  were  some  intermediate  steps. 

Benson's  Boiler. — A  very  interesting  water-tube  boiler  in  this 
class  of  horizontal  or  horizontally  inclined  tube  boilers  was 
patented  by  Martin  Benson  in  1858  (No.  1903),  and  again  in 
1861  (No.  834).  The  small  horizontal  tubes  of  i  inch  or  i^ 
inch  diameter  were  connected  by  semicircular  cast  iron  bends 
or  junction  pieces  at  the  ends,  and  were  arranged  in  series  in  a 
vertical  direction  to  form  a  number  of  flattened  spirals  placed 
side  by  side.  The  bends  were  placed  vertically  at  the  back  of 
the  boiler  and  horizontally  at  the  front  end  of  the  tubes,  so  that 
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one  vertical  section  or  compartment  of  the  boiler  consisted  o 
two  horizontal  tubes  side  by  side  but  in  rows  zig-zagged  or 
"  staggered  "  in  an  upward  direction  (see  Figs.  i68  and  169.  In 
describing  this  boiler  to  the  Institute  of  Mechanical  Engineers 
(Proceedings  1859,  P-  -264'),  Mr.  J.  F.  Spencer  said  that  the 
uncertainty  of  what  may  be  termed  natural  circulation  had  led 
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FIG.   168. 

to  the  introduction  of  mechanical  circulation  as  a  distinctive 
feature  of  this  boiler,  and  that  ten  to  twenty  times  the  quantity 
of  water  required  for  steam  might  be  passed  through  the  boiler 
in  a  given  time. 

The  pump  for  mechanical  circulation  was  connected  with  the 


^  See  also  Proc,  1 861,  p.  30,  and  Plate  xxiii. 
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steam  receiver,  which  also  acted  as  a  separator  and  water 
chamber,  and  showed  the  water  level  of  the  boiler,  being 
placed  at  the  back  or  side  of  the  boiler  and  not  above  the 
tubes.  '*  It  will  be  evident,"  said  Mr.  Spencer,  "  that  a  small 
amount  of  power  is  required  to  work  the  circulating  pump,  since 
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FIG.    169. 

the  pressure  is  almost  equal  on  each  side  of  the  piston,  so  that, 
whether  this  pressure  be  100  or  500  lbs.  per  square  inch,  only 
the  friction  of  the  water  has  to  be  overcome  in  effecting  the 
circulation.  A  boiler  of  100  nominal  horse-power  would  re- 
quire a  circulating  pump  of  only  7  inches  diameter  and  12 
inches  stroke,  making  50  revolutions  per  minute."     Supposing 
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that  lo  cubic  feet  of  water  were  evaporated  per  hour,  about 
I  GO  cubic  feet  would  be  passed  through  the  circulating  pipe  and 
the  tubes  by  the  circulating  pump.  In  addition  to  the  circu- 
lating pump,  an  ordinary  feed  pump  was  used  to  supply  the 
deficiency  of  water  caused  by  evaporation. 

Williamson  and  Perkins  Boiler. — In  September,  1859  (No. 
2208),  A.  W.  Williamson  and  Loftus  Perkins  patented  the  boiler 
composed  of  horizontal  w^ter  tubes  united  by  short  vertical 
tubes,  which  w\is  afterwards  known  as  Perkins*  boiler.  This 
boiler  was  described  and   illustrated  in  the  Proceedings  of  the 
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Institute  of  Mechanical  Engineers  in  1861  (page  95  and  Plate 
xxiii.),  Fig.  170,  and  a  later  form  was  described  by  Mr.  Loftus 
Perkins  in  1877.'  (See  also  Perkins  and  Harris,  1880,  No.  168.) 
Fig.  171,  172  and  173  shows  the  later  form  as  arranged  for  a 
marine  boiler.  The  joints  connecting  the  horizontal  tubes  with 
the  short  vertical  tubes  were  all  screwed,  but  there  was  no 
proper  provision  made  in  this  boiler  for  the  circulation  of  the 
water.  In  fact,  Mr.  Perkins  used  to  claim  as  a  feature  of  the 
boiler  that  it  made  steam  by  ''foaming*'  and  not  by  means 
of  circulation   as  properly  understood.     Some  of  the  fallacies 


'  Proc.  Inst.  Mech.  Eng.,  1877,  p.  117. 
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grouped  around  this  system  were  exposed  in  an  article  (by  the 
author  of  this  work)  which  appeared  in  Engineering  of  30th 
March,  1877  (Vol.  23,  p.  251)  entitled  "Amateur  Science  at  the 
Royal  United  Service  Institution."  Examples  of  Perkins' 
boilers  were  fitted  in  the  s.s.  "  Anthracite  "  and  in  the  s.  yacht 


FIG.   171. 


"  Wanderer,"  but  these  were  not  permanently  successful. 
Little,  however,  was  allowed  to  become  known  of  their  history 
after  preliminary  trials. 

Bailers  of  the  s.s,  "  Montana  "  and    "  Dakota:*— There   is  a 
strong  family  resemblance  between  the  Perkins  boiler  and  the 
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boilers  fitted  in  1875  by  Messrs.  Palmer,  of  Jarrow-on-Tyne,  in 
the  steamships  '^  Montana  "  and  *^  Dakota.*'  In  the  latter  the 
diameters  of  horizontal  tubes  and  of  the  vertical  connecting 
tubes  or  necks  are  larger,  so  that  apparently  there  is  more 
freedom  of  circulation  possible,   but   this  was  neutralised   by 

^     '^ 
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no.  172. 

inadequate  steam  and  feed  connections.  Moreover,  the  vertical 
necks  had  to  serve  for  both  the  ascent  of  the  steam  and  any 
water  carried  up  by  it,  and  the  descent  of  the  water  so  carried 
up.  Figs.  174  and  175  show  the  profile  of  these  boilers,  par- 
ticulars of  the  trials  of  which  were  given  by  Mr.  W.  Parker  (in 
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no.  174. 


no.  175. 
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Min.  Proc.  Inst.  C.  E.,  Vol.  xcix.,  p.  io6)  and  by  Mr.  J.  Fortescue 
Flannery  in  Trans.  I.N.A.,  1876. 

Ramsdens  Boiler. — In  the  boiler  patented  by  Mr.  W.  G. 
Ramsden  in  i860  (No.  589)  horizontal  tubes  of  comparatively 
large  diameter  were  connected  at  their  ends  to  vertical  chambers, 
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semi-circular  in  cross- section.  This  boiler  is  represented  in 
Figs.  176,  177  and  178,  which  show  the  boilers  fitted  in  the 
steamships  **  Amalia  "  and  "  Palm."  Having  been  worked  with 
sea-water,  these  boilers  were  practically  destroyed  by  incrusta- 
tion after  about  four  years*  work. 
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Bahcock  and  Wilcox  Boilers. — The  original  Babcock  and 
Wilcox  boiler  was  constructed  of  cast  iron,  and  is  illustrated  in 
Professor  Thurston's  "  Manual  of 
Steam  Boilers,"  from  which  Fig.  179 
has  been  taken.  It  was  introduced 
in  America,  and  was  subjected  to 
various  improvements  in  design, 
in  which  the  cast  iron  headers  and 
tubes  were  replaced  with  wrought 
iron.  British  patents  were  taken 
out  in  1880  (No.  2615),  1881  (No. 
5289),  1884  (No.  13041),  1885 
(N0S.1836, 3979, 4133, 4134, 10821), 
1886  (No.  5887),  1887  (Nos.  3059, 
8228,  1 1789,  1 1887),  and  in  1890,  1891,  &c. 

The   Babcock-Wilcox  marine   boiler   is  shown 
taken  out  in  1896  (No.  24617). 


FIG.   179. 


in  a   patent 


FIG.  18a 


Various  details  were  also  patented  by  C.  A.  Knight  and  others 
connected  with  the  boiler.  After  considerable  success  in  land 
installations,  it  was  introduced  in  vessels  of  the  American  navy, 
and  a  modified  form  for  marine  use  was  fitted  in  the  s.s.  "  Nero  ^' 
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and  some  other  merchant  vessels,  and  in  H.M.S.  **  Sheldrake/'  in 
this  country.  The  land  form  is  also  in  extensive  use  in  this  country. 
In  the  land  boiler  the  horizontally  inclined  tubes  incline 
downwards  from  front  to  back,  and  are  secured  at  each  end  to 
wrought  steel  headers  of  square  section  and  sinuous  form  verti- 
cally, so  that  the  tubes  are  "  staggered  "  to  baffle  the  gases  in 
their  movement  amongst  them.     A  cylindrical  steam  and  water 


drum  runs  longitudinally  from  front  to  back  above  the  tubes, 
and  the  headers  are  each  separately  connected  to  it  at  either 
end  by  vertical  tubes  or  nipples.  A  mud  collector  is  connected 
to  the  lower  side  of  the  back  headers.  The  working  water  level 
being  at  about  the  middle  of  the  steam  and  water  drum,  the 
movement  of  the  water  in  circulation  is  always  in  the  same 
direction,  upwards  through  the  incUned  generating  tubes  and 
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the  front  headers  and  downwards  through  the  back  headers. 
Figs.  180,  181  and  182  show  this  form  and  some  details. 

In  the  marine  form  each  of  the  inclined  tubes  is  replaced  by 
a  group  of  four  tubes  of   small  diameter,  and  there  are  two 


drums  above — the  larger  one  placed  across  the  boiler  at  the  top 
of  the  back  headers,  which  are  connected  to  it  by  short  direct 
nozzles.  In  this  drum  the  water  level  is  at  the  centre,  as  in  the 
land  boiler  drum,  but  there  is  a  smaller  drum  a  little  above  it. 
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and  alongside,  which  is  used  as  a  feed  purifying  chamber,  the 
feed  being  introduced  into  it.  In  the  boiler  of  the  s.s.  "  Nero  " 
the  upper  chamber  was  used  as  a  steam-chest,  and  there  were 


FIG,   183. 


vertical  water  tubes  set  round  the  boiler  to  form  a  casing,  but 
these  seem  to  have  been  removed  in  the  later  examples.  The 
front  headers  are  connected  to  the  steam  and  water  drum  by 
tubes  passing  horizontally  across  the  top  of  the  inclined  tubes. 
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Special  fittings  with  metal  to  metal  joints  are  made  for  the 
hand  holes,  and  so  arranged  that,  should  a  holding  bolt  break, 
they  are  held  in  place  by  the  steam  pressure. 

Figs.  183  and  184  show  the  later  arrangement  of  this  boiler. 
An  illustration  of  the  **  Nero's  "  boiler  in  outline  will  be  found 
in  the  Engineer  of  21st  July,  1893,  P^S^  73»  ^'S-  i- 


KIG.   184. 

Root  Boiler. — The  Root  boiler  was  introduced  in  America 
shortly  after  the  Babcock  and  Wilcox  boiler,  but  preceded  it  in 
this  country,  having  been  patented  in  1870  (No.  1675),  and,  after 
some  use  in  land  installations,  having  been  tried  in  the  steamer 
"  Birkenhead "  in  1872.*  The  horizontally  inclined  tubes, 
usually  about  4J  inches  diameter,  are  sloped  downwards  towards 
the  back,  and  are  screwed  at  back  and  front  into  rectangular 
box  castings,  which  are  connected  vertically  by  hollow  castings 
bolted  on  and  forming  means  of  communication  from  tube  to 


'  Sec  EiK^iuccrin^^  2rst  April,  1S76. 
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tube.  These  hollow  castings  are  so  placed  as  to  give  a  zig-zag 
course  of  ascent  for  the  steam  and  water.  Figs.  185  and  186 
show  the  arrangement  finally  adopted  as  the  most  satisfactory. 
A  later  arrangement,  introduced  by  Messrs.  Conrad  Knap  and  Co., 
having  bent  pipe  connections  between  the  various  box  castings 
instead  of  the  American  bracket-shaped  hollow  castings  afore- 
said, is  shown  in  Figs.  187,  188  and  189.  A  description  of  the 
boilers  fitted  in  the  "  Birkenhead  "  and  **  Malta  "  was  given  by 
Mr.  J.  Fortescue  Flannery  in  a  paper  "  On  Water-tube  Boilers  " 
in  Trans.  Inst.  N.A.,  1876  (Vol.  xvii.,  p.  259). 

This  boiler,  as  well  as  the  one  next  to  be  referred  to,  has  a 

modified  arrangement  of  the 


-^^— ?^ 


coupling  "  in  parallel,"  inas- 
much as  there  are  not 
headers  common  to  all  the 
tubes  at  either  end  of  these, 
but  a  number  of  small  pas- 
sages formed  by  box  castings 
or  the  like,  by  means  of 
which  the  steam  and  water 
are  passed  from  tube  to  tube, 
or  zig-zagged  upwards. 

Howard's  ^^ Barrow''  Boiler. 
— The  horizontal  tube  boiler 
introduced  by  Messrs.  J.  and 
F.  Howard  in  1866,  which 
was  afterwards  called  the 
"  Barrow  sectional  boiler," 
was  described  in  one  form  by  Mr.  David  Joy  to  the  Iron  and  Steel 
Institute  in  1875  (see  Vol.  No.  i.,  1875,  p.  220,  and  Plates).  A 
later  form  is  shown  in  Fig.  190,  taken  from  D.  K.  Clark's  **  Steam 
Engine."  The  tubes  were  inclined  upwards  to  the  back  of  the 
boiler,  where  five  of  the  six  tubes  forming  one  vertical  group 
were  coupled  to  a  vertical  collecting  pipe.  At  the  front  the  feed- 
water  was  introduced  into  the  lowermost  tubes  from  a  square 
cast  iron  chamber  laid  horizontally  across  the  front  of  the 
boiler,  and  the  tubes  above  this  to  the  fifth  row  were  closed  by 
cast  iron  neck  pieces  screwed  into  the  ends  with  cast  iron  covers 
bolted  on.  The  fifth  and  sixth  rows  had  a  passage  from  one  to 
^he  other  provided  in  front,  these  two  rows  being  above  the 


FIG.   185. 
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FIG.   186. 
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FIG.   189. 
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water  line,  so  that  the  steam  should  pass  from  the  collecting 
pipe  through  these  tubes  consecutively  to  the  steam  drum.  The 
connections  between  the  tubes  are  not  so  complete  in  this  case 
as  in  Root's  boiler,  and  promise  difficulty  in  circulation  of  the 
water.  The  form  shown  ia  1875  was  preferable  in  this  respect. 
The  Howard  boiler  arranged  for  marine  use  was  illustrated  in 
Mr.  J.  Fortescue  Flannery's  paper  **  On  the  Construction  of 
High-Pressure  Steam  Boilers  "  (Min.  Proc.  Inst.  C.E.,  Vol.  liv., 
p.  123). 

It  was  introduced  into  the  steamers  "  Fairy  Dell,"  "  Mere- 
dith," and  '*  Marc  Antony"  about  the  year   1870,  but  was  not 


FIG,   190. 


very  successful.  Particulars  of  the  boilers  of  the  **  Fairy  Dell " 
and  '•  Marc  Antony "  were  given  in  Engineering  of  3rd  March 
1871  (Vol.  xi.,  p.  155),  and  by  the  late  Mr.  W.  Parker  in  Min. 
Proc.  Inst.  C.E.,  Vol.  xcix.,  p.  106. 

WatCs  Boiler, — A  marine  boiler  of  the  horizontally  inclined 
water  tube  design  was  patented  by  Mr.  John  Watt  in  1871  (No. 
301 1  ;  see  also  No.  14430,  1890),  and  brought  forward  by  him 
in  a  paper  *'  On  Water-tube  Boilers  "  read  to  the  Liverpool  Poly- 
technic Society  in  1874  (see  En^ineaingj  27th  March,  1874,  pp. 
234-236).  It  was  also  described  in  Mr.  Flannery's  paper  above 
quoted.     Figs.  191  and  192  illustrate  this  boiler. 

The  horizontally  inclined  tubes  were  connected  at  each  end 
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to  a  flat  rectangular  chamber  embracing  the  whole  of  the  tubes 
in  one  boiler.  This  chamber  was  stayed  to  give  it  the  neces- 
sary strength,  the  stay  bolts  also  serving  as  studs  for  fastening  on 
the  covers  placed  opposite  the  ends  of  the  tubes  on  the  outside 
of  both  chambers. 

Suckling's  Boilcfs. — Some  interesting  features  were  embraced 
in  the  boiler  designed  by  Mr.  N.  J.  Suckhng  and  illustrated  in 
the  £«^i/i^^r  of  28th  February-,  1873. 

Suckling's  British  patents  are — 1872  (Nos.  2747  and  3893), 
and  1875  (No.  3494).' 

In  his  paper  "  On  Modern  Systems  of  Generating  Steam," 
read  to  the  Society  of  Engineers,  London,  on  4th  May,  1874 
(see  the  Engineer ^   29th    May,   1874,   and  Transactions   of  the 
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FIG.   192. 


Society  of  Engineers),  Mr.  Suckhng  set  forth  many  of  the  re- 
quirements of  a  good  boiler  ;  but  it  almost  seemed  as  if,  in  order 
to  secure'some  of  these,  he  had  been  compelled  to  sacrihce  others 
which  are  quite  as  necessary.  Mr.  Suckling's  boiler,  shown  in 
Figs.  193,  194  and  195,  was  composed  of  horizontally  inclined 
generating  tubes  arranged  over  the  furnace  so  as  to  **  break 
joint  "  or  cause  the  gases  to  take  a  zig-zag  course  in  moving 
upwards.  The  front  ends  of  the  tubes  had  heavy  wrought  iron 
flanges  screwed  on,  and  the  back  ends  had  wrought  iron  rings 
welded  in,  to  which  were  secured  wrought  iron  covers  bolted 
on  and  having  each  a  screwed  pipe  connection  at  the  centre. 
Small  straight  or  curved  pipes  led  from  these  to  large  external 
tubes  which  acted  as  downcomers  for  the  water  and  separators 
of  steam   and   water.      Every    generating   tube    drew   its  own 
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FIG.   193. 


FIG.   194. 


FIG.    IQ5. 
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supply  of  water  from  the  downcomer,  and  all  the  -joints  were 
outside  the  boiler,  but  the  loss  of  heat  by  radiation  from  so  large 
an  area  of  outside  connections  must  have  been  considerable. 

Hardingham's  Boiler. — Patents  for  concentric  tube  boilers 
of  the  horizontally  inclined  type  were  taken  out  in  1882  by 
R.  H.  Brandon  (for  C.  Gamper)  on  12th  April  (No.  1745),  and 
by  G.  G.  M.  Hardingham  on  i8th  October  (No.  4956).  The 
former  one  does  not  seem  to  have  been  brought  out,  but  Mr. 
Hardingham's  boiler  has  been  described  in  Engineering  of  nth 
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January,  1884,  and  put  on  the  market.  Improvements  were 
patented  in  January,  1884  (No.  565).  The  water  tube,  which  is 
the  outer  tube,  is  screwed  or  fastened  otherwise  to  the  socket 
plate  of  a  cast  iron  box  and  the  inner  or  fire  tube  is  packed  by 
a  screw  gland  to  the  outer  face  of  the  same  box.  The  boxes  are 
arranged  so  as  to  leave  a  passage  for  the  steam  and  water  up  to 
the  steam  drum.     See  Fig.  196. 

The  course  of  the  hot  gases  is  as  shown — first,  directly  up- 
wards over   tlic  oiitsides  of  the  water  tubes   and  then  to  the 
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front  or  elevated  end  of 
the  boiler,  and  downwards 
through  all  the  inner  tubes 
to  a  flue  at  the  back.  Pro- 
vision is  made  for  water 
circulation  and  the  boiler 
is  well  proportioned. 

Lane's  Boiler.  —  Mr.  H. 
Lane  took  out  a  patent  in 
January,  1883  (No.  209),  for 
a  horizontally  inclined  tube 
boiler  with  box  headers, 
very  like  those  of  the  Root 
boiler,  but  he  followed  in 
May,  1883  (No.  2405),  and 
later  (No.  4033)  with  patents 
for  the  boiler  shown  in  the 
Figs.  197  and  198.  In  this 
design  the  horizontally  in- 
clined tubes  are  closed  by 
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a  screwed  plug  at  their  lower  ends  and  have  each  an  internal 
circulating  tube  for  water.  At  the  front  is  an  upright  square 
chamber  having  a  vertical  partition,  dividing  it  into  the  compart- 
ments internally.  The  inner  circulating  tubes  are  fastened  into 
this  partition  and  the  outer  tubes  to  the  back  of  the  chamber. 
A  steam  drum  is  placed  on  the  top  of  the  chamber,  and  the 


FIG.    1 99. 


upward  current  of  steam  and  downward  current  of  water  do 
not  interfere  with  one  another.  Dimensions  and  details  are 
given  in  a  description  in  Vol.  ii.  of  D.  K.  Clark's  "  Steam 
Engine,"  pp.  773-777- 

SleinmuUer  Boiler. — The  boiler  brought  out  in  Germany  by 
Messrs.  L.  and  C.  Steinmuller,  of  Gummersbacli  (Rhine  Pro- 
vince), was  patented   in   this  country  in   1876  (No.  3646).  1884 
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(No.   1 1 105),  1889  (No.  5868),  and  1890  (No.   1348).     It  is  to 
some  extent  like  Watt's  boiler,  having  flat  stayed  chambers  at 
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each  end  of  the  horizontally  inchned  tubes.  The  steam  dome 
is,  however,  placed  horizontally  (not  inclined,  as  in  Watt's  boiler) 
in  the  centre  between  two  boilers,  and  the  c^enerating  tubes  are 
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grouped   around   it   on  its   under  side, 
and  202  show  this  boiler. 


Figs.   199,  200,  201, 


For  marine  use  the  out- 
side vertical  row  of  tubes  is 
arranged  so  that  the  tubes 
touch,  a  small  neck  piece 
connecting  alternate  tubes 
with  the  flat  chamber  wall 
so  as  to  have  sufficient  metal 
between  the  openings  for 
strength. 

The  Bii  liner  Boiler.  — 
Another  boiler  of  this  class 
in  use  in  Germany  is  the 
Biittner  boiler,  patented  in 
this  country  in  1873  (No. 
412),  and  by  H.  Simon  (for 
FIG.  2or.  F.   L.  A.  Buttner)  in   1879 

(No.   566),   and    1891    (No. 

10237).    It  has  the  horizontally  inclined  tubes  fastened  into  flat 

chambers  at  each  end  like  the 

Watt,  Steinmiiller,  Heine,  and 

other  boilers.     There  is,  how- 
ever, a  row  of  shorter  tubes 

immediately  over  the  fire  con- 
nected to  a  common  transverse 

tube  at  their  lower  ends,  this 

transverse   water   tube   being 

connected   to   a  similar  tube 

at  the  foot  of  the  back  header. 
The  Niclausse  Boiler. — The 

Niclausse  boiler  was,  accord- 
ing   to    M.    Bertin    (**  Marine 

Boilers,"   p.  268),   developed 

from  the  Collet  boiler,  so  that 

its    introduction    dates    from 

the  publication  of  the  Collet 

design,  although  it  has  been 

greatly  altered  in  details.     As 

now  known,  the  Niclausse  boiler  is  composed  of  tubes  (of  3  to 
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4  inches  diameter)  slightly  inclined  from  the  horizontal,  with 
headers  at  only  one  end,  the  other  end  of  the  tubes  being  left 
free,  so  that  there  is  no  rigidity  to  resist  expansion  lengthwise. 
The  free  end  of  each  tube  is  closed  by  a  screwed  cap,  and  the 


front  end  is  secured  by  two  coned  joints  to  both  outer  and  inner 
walls  of  the  header,  although  it  communicates  only  witli  the 
inner  of  the  two  chambers  or  passages  into  which  the  header  is 
divided  by  a  partition.  The  outer  chamber  is  in  communication 
with  the  smaller  tubes,  of  which  one  is  inserted  concentrically 
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for  circulation  of  water,  in  each  of  the  larger  generating  tubes. 
At  the  top  of  the  header  is  the  steam  drum,  and  as  the  water 
level  stands  at  about  the  centre  of  this  cylinder,  circulation 
of  the  water  commences  as  soon  as  heat  is  applied  to  the  tubes. 
The  water  flows  down  the  outer  or  downcast  half  of  the 
header,  through  the  small  inner  tubes,  which  project  nearly 
the  full  length  of  the  generating  tubes,  and  back  by  the  outer 


fk;.  205. 

tubes,  the  steam  and  foam  escaping  by  the  upcast  half  of  the 
header.  The  constructional  details  have  been  arranged  with 
great  ingenuity  in  order  to  simplify  both  erection,  examina- 
tion, and  repair  of  the  boiler.  The  method  of  attaching  the 
tubes  to  the  header  by  means  of  coned  joints  and  "  lanternes  '' 
(which  the  sleeves  forming  continuations  of  the  tubes  are 
called)  is  a  saHent  feature  of  this  boiler,  and  this  improve- 
ment over   the  original  Collet    design    is    due    to    the   Messrs. 
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Niclausse.     It  has  been  fully  described  by  Mr.  Mark  Robinson/ 
Mr.  J.  T.  Milton,*  and  M.  Bertin,^  and  is  fairly  represented  in 


*  Trans.  Inst.  N.A.,  1896,  Vol.  37,  p.  1 19.     Also  British  Assoc,  1899. 

*  Trans.  Inst.  N.A.,  1894,  Vol.  35.  *  Marine  Boilers,  pp.  271,  272. 
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section  by  Figs.  203,  204,  and  205,  whilst  the  boiler  as  a  whole 
is  shown  in  Fig.  206. 

Illustrations  of  the  "  Niclausse  "  boiler  will  also  be  found  in 
Engineerings  Vol.  Ix.,  page  91,  and  of  the  Niclausse  small  tube 
boiler,  in  the  Electrical  Engineer  of  13th  October,  1899,  page  461. 

Records  of  tests  will  be  found  in  Chapter  IX.,  and  in  the 
papers  quoted  above,  and  some  interesting  points  of  comparison 
between  this  and  other  boilers  will  be  met  with  in  Mr.  Mark 
Robinson's  paper  read  at  the  1899  meeting  of  the  British  Asso- 
ciation. The  first  British  patent  due  to  M.  Collet  is  dated 
iSth  February,  1878  (No.  644),  but  the  subsequent  patents  refer- 
ring to  the  Niclausse  boiler  are  1891  (No.  1052),  1893  (Nos.  10136 


ni-M<^ 


FIG.  207. 

and  23841),  1894  (No.  16472),  1898  (Nos.  13031  and  18166), 
1900  (No.  1382).  These  show  the  working  out  of  the  tube  head 
design  and  other  important  details. 

The  Phlegcr  Boiler, — The  Phleger  boiler  is  of  American  origin, 
and  possesses  some  distinct  features  from  other  horizontal  tube 
boilers.  The  fireplace,  including  the  bars,  is  constructed  (except 
at  the  two  sides)  entirely  of  tubes  2  inches  diameter,  laid  flat  to 
form  fire-bars,  and  then  bent  up  from  the  back  of  the  grate  at  an 
angle  to  form  the  roof  of  the  fireplace.  At  their  lower  ends 
they  are  expanded  into  a  narrow  strip  of  plate,  which,  with  a 
cover  semi-circular  in  section,  forms  the  feed  connection.  The 
top  ends  lead  into  a  similar  chamber,  in  which  there  are  also  the 
ends  of  other  two  rows  of  horizontal  tubes,  which  tubes  extend 
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back  as  far  as  is  required.  Above  these  are  other  two  rows  of 
horizontal  tubes  connecting  with  another  chamber  in  front,  from 
which  a  branch  leads  to  the  steam  drum  above.  The  connec- 
tions of  the  tubes  place  them  in  series,  except  that  the  steam 
and  water  from  the  one  row  below  and  above  the  lire  pass 
through  the  upper  four  rows  in  pairs — the  lower  pair  taking  the 
current  to  the  back  and  the  upper  to  the  front  of  the  boiler. 
The  boiler  is  illustrated  in  Fig.  207. 


FIG.   208. 


This  boiler  figured  in  the  tests  made  at  the  American  Institute 
Exhibition  in  1871,  but  it  does  not  appear  to  have  been  intro- 
duced into  Britain. 

Heine  Boiler. — The  Heine  boiler  is  used  in  both  Germany  and 
America.  It  was  patented  in  Britain  by  F.  C.  Glaser,  for  H. 
Heine,  in  1881  (No.  3181),  but  does  not  seem  to  have  been 
adopted  to  any  extent  here.  It  is  shown  in  Fig.  208,  and  is  one 
of  the  horizontal  water-tube  boilers  with  water-legs  or  chambers 
riveted  to  each  end  of  cvlindrical  steam  and  water  shells.    These 
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shells  range  from  24  to  48  inches  diameter,  and  for  all  sizes 
above  200  H.P.,  two  shells  are  used,  a  steam  drum  being  in  that 
case  placed  above  and  across  the  front  ends  of  these  two 
cylinders. 

Poole  Boiler  and  Seaton  Boiler, — ^The  Poole  boiler,  also  intro- 
duced in  America,  Fig.  209,  shows  the  same  general  design,  with 
the  water-legs  attached  to  one  cylindrical  vessel  or  drum,  whilst 
other  modifications  are  seen  in  the  boiler  proposed  by  Mr.  A.  E. 
Seaton  in  1893  (No.  19853),  as  described  by  Mr.  J.  T.  Milton  in 


Trans.  Inst.  N.  A.,  1894,  and  shown  in  Fig.  210,  in  the  Lagrafel 
D'Allest  boiler  and  the  Oriolle  boiler. 

Lagrafel  D'Allest  Boiler. — The  Lagrafel  D'Allest  boiler,  as 
now  used  in  the  French  Navy,  is  the  outcome  of  numerous 
improvements,  the  original  boiler  having  been  introduced 
there  about  the  year  1869.  The  modern  Lagrafel  D'Allest 
boiler  was  patented  in  England  in  1888  (No.  11 160),  whilst 
the  dates  of  French  improvements  are  recorded  in  M. 
Bertin's  "Marine  Boilers,"  p.  249.  Fig.  211  illustrates  this 
boiler. 
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Oriolle  Boiler. — The  Oriolle  boiler  is  also  of  French  origin, 
and  is  used  in  the  French  Navy.     The  British  patents  are  dated 


SfCriON      ON     B    • 


27th  June,  1887  (No.  9i2i),and  i8th  April,  1890  (No.  5922):  It 
is  illustrated  in  Fig.  212,  which  siiows  the  form  used  in  French 
torpedo  boats. 
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The  Kelly  Boilei. — An  American  boiler  of  this  name  ("  Kelly") 
is  described  by  Mr.  D.  K.  Clark  in  "  The  Steam  Engine,"  &c., 
and  appeared  amongst  the  boilers  tested  at  Philadelphia  in  1876. 
Its  wrought  iron  horizontally  inclined  tubes  were  screwed  into 
a  cast  iron  header  at  the  front  end  and  closed  at  the  back  end, 
towards  which  they  inclined  downwards.  See  Fig.  213.  The 
tubes  had  each  a  diaphragm  plate  inserted  internally  in  order  to 
ensure  circulation  of  water  in  them.  There  seems,  however,  to 
be  another  water-tube  boiler  known  as  Kelly's  boiler,  or  as  the 
"  National  "  boiler  in  America.  This  one  has  headers  at  both 
ends  of  the  horizontally  inclined  tubes,  somewhat  after  the 
Babcock  and  Wilcox  and  similar  designs.     This  boiler  seems 


to  have  been  patented  in  Britain  in  1886  (No.  12697)  and  1887 
(No.  1 1 141). 

Dilrr  Boiler. — The  boiler  made  by  Messrs.  Diirr  and  Co.,  of 
Ratingen,  has  some  features  in  common  with  the  former  of  the 
Kelly  boilers,  as  well  as  with  those  of  Alban,  Lane,  and  Niclausse. 
The  horizontally  inclined  tubes  are  connected  only  at  the  front 
end  to  a  **  header,"  which  is  a  water  chamber  extending  over  the 
front  of  the  boiler.  This  chamber  is  divided  internally  into  two 
parts  by  a  movable  diaphragm  plate  which  is  formed  of  several 
pieces,  each  being  secured  in  place  by  means  of  nuts  threaded 
on  screws  formed  on  the  stays.  The  horizontally  inclined  tubes 
are  closed  at  their  lower  ends,  where  they  are  slightly  reduced 
in  diameter,  by  end  plates  fitting  with  conical  joints  and  kept  in 
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place  by  bolts.  Internal  concentric  tubes  are  fixed  to  the 
diaphragm  plate  and  communicate  with  the  front  division  of 
the  water  chamber.  These  internal  circulating  tubes  reach  to 
nearly  the  end  of  the  larger  tubes,  and  as  the  normal  water- 
level  of  the  boiler  is  at  about  the  centre  of  the  steam  chamber 
above,  the  circulation  of  water  is  similar  to  that  of  the  Niclausse 
boiler.  Figs.  214,  215,  216,  and  217  show  this  boiler.  At  the 
sides,  the  water-tubes  are  bent  so  as  to  bring  them  together  to 
form  a  water  wall,  and  above  the  water  level  two  or  three  rows 
of  concentric  tubes  are  employed  as  superheaters  for  the  steam. 
This  boiler  was « fully  described  by  Mr.  J.  T.   Milton  in  Trans. 


FIG.   214. 


Inst.  N.  A.,  1894.  English  patents  for  the  Diirr  boiler  are  dated 
in  1886  (No.  17123),  1888  (No.  12060),  1889  (No.  13222),  and 
1890  (Nos.  6398  and  19082),  1893  (No.  14745)^  1895  (No.  1716), 
1896  (No.  24787). 

As  made  by  the  Societe  Industrielle  de  Paris,  the  Diirr  boiler 
has  some  improvements  in  details,  and  is  furnished  with  a  feed- 
heater.  It  shares  with  the  Niclausse  boiler  the  feature  of  being 
able  to  do  without  expanded  or  other  tube  joints,  the  steam 
pressure  tending  to  hold  the  tubes  lirmly  in  position  and  to 
tighten  the  joints. 
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The  Hornsby  Boiler. — The    Hornsby  boiler,  which   was   pre- 
viously known  as  the  Mills  boiler,  has  some  excellent  features. 


and  is  made  either  with  a  brick-lined  or  a  water-lined  furnace, 
according  to  the  class  and  quality  of  the  fuel  to  be  used.  The 
horizontally  inclined    tubes    are    fastened   into    wrought   steel 


4i6 


THE  PRACTICAL  PHYSICS  OF 


headers  which   are  formed    by  hydraulic  pressure  from  mild 
steel   plates,   and   the  openings    opposite   the   tube    ends    are 


FIG.  2l8. 

closed  by  internal  safety  hand-hole  doors  of   mild  steel  with 

external  caps.  The  cylin- 
drical steam  and  water 
drum  surmounts  the  tubes, 
and  the  vertical  tubes  con- 
necting it  with  the  headers 
allow  freedom  of  expan- 
sion in  the  generating  tubes. 
Figs.  218  and  219  represent 
this  boiler. 

The  British  patents  for 
this  boiler  are  dated  in 
1888  (No.  7077),  1889  (Nos. 
9938  and  1 1488),  and  1893 
(No.  949). 
The  Towne  Boiler. — The  Towne  boiler  has  two  sets  of  inclined 

tubes,  which  are  inclined  alternately  from  side  to  side  across  the 


FIG.  an;. 
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top  of  the  fire,  and  are  connected  to  flat  chambers  which 
are  bent  at  the  centre  of  their  height  in  order  to  meet  the 
incoming  tubes  at  right  angles.  Fig.  220  shows  this  boiler, 
which  has  been  introduced  into  launches  and  gunboats  in 
America,  and  was  patented  in  Britain  in  1890  (No.  5064). 
There  appear  to  be  other  boilers  claiming  the  same  design,  as 
one  similar  to  Fig.  220  was  illustrated  in  Electrical  Indiisities^  a 


New  York  paper  of  December,  1892,  Vol.  iii..  No.  12,  under  the 
name  of  the  Worthington  patent  sectional  water-tube  boiler, 
manufactured  by  the  New  York  Safety  Steam  Power  Company, 
and  patented  in  Britain  in  1894  (No.  16750).  A  modification  of 
this  type  of  boiler  was  patented  by  A.  Montufet  in  January, 
1897  (No.  429). 

Rainey^s  Boiler. — The  only  other  boiler  of  this  class  which  wc 
illustrate  here  is  the  one  patented  by  F.  E.  Rainey  in   1896  (No. 
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2428).     Fig.  221  shows  this  design,  from  which  it  will  be  seen 
that,  in  addition  to  the   horizontally  inclined  tubes  arranged  in 


lieiidcrs,  so  as  to  lonn  a  flattened  spiral,  there  are"  riser  tubes," 
one  troni  each  header,  going  directly  to  the  steam  chamber,  and 
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allowing  the  steam  brought  into  the  header  to  escape  upwards, 
while  the  water  flows  on  through  the  horizontal  tubes. 

The  horizontal  form  of  the  Peterson  boiler  will  be  found 
later  (see  p.  463). 

Modifications  of  ihe  Horizontal  Tube  Boiler, — The  modifications 
of  the  horizontal  water-tube  boiler  which  have  been  proposed 
are  too  numerous  to  be  noticed  in  detail.  Amongst  the  more 
important  of  these  are  the  boiler  of  G.  Sinclair,  patented  in 
1872  (No.  3726)  and  1873  (No.  3693),  which  was  made  for  some 
years  at  Albion  Boiler  Works  in  Leith,  Scotland,  and  was  de- 
scribed by  D.  K.  Clark  in  his  "  Steam  Engine,"  &c.,  Vol.  ii., 
p.  772  ;  Griffith's  boiler,  patented  in  1873  (No.  2170),  as  made 
by  J.  Halliday  in  Manchester  ;  Yarrow's  boiler  of  1879  (No. 
316)  ;  Lloyd's  of  1884  (No.  11633)  »  ^^^  ^^  Naeyer  boiler  of 
1886  (No.  2769),  introduced  and  manufactured  in  Belgium  ; 
Sellers  of  1891  (No.  20954),  which  was  introduced  in  America, 
and  is  illustrated  in  Electrical  Industries  of  New  York,  Vol.  iii.. 
No.  12,  p.  329  ;  Anderson  and  Lyall's,  patented  in  1892  (No. 
12609),  described  in  Mr.  J.  T.  Milton's  paper  **  On  Water-tube 
Boilers  "  (Trans.  Inst.  Naval  Architects,  1894)  ;  the  Coignet ' 
boiler,  patented  in  1892  (No.  15168),  and  1893  (No.  5145)  ;  the 
Zell  boiler  and  the  Gill  boiler,  both  shown  at  the  Chicago  Exhi- 
bition in  1893,  and  illustrated  in  the  Engineer ^  August,  1893  (pp. 
118-170). 

The  Charles  and  Babillot  boiler,  illustrated  in  Bertin  and 
Robertson's  **  Marine  Boilers,"  p.  281,  which  was  patented  in 
Britain  in  1891  (No.  16565),  is  a  novel  arrangement  of  concentric 
tubes  horizontally  inclined. 

In  addition  to  these  and  many  similar  designs  there  are 
several  boilers  having  a  single  header  or  vertical  water  chamber 
with  horizontally  inclined  tubes  bent  so  that  both  ends  of  the 
tubes  are  connected  to  it.  Of  this  design  are  the  boilers 
patented  by  A.  Greenwood  in  1877  (No.  168),  A.  R.  Thirion  in 
1890  (No.  8987),  and  E.  A.  Mayer  in  1892  (No.  13192).  The 
Solignac  boiler,  illustrated  in  the  Mechanical  Engineer ^  \o\,  i., 
p.  600,  is  another  example,*  and  an  elaborate  modification  of 
this  design    is  known   as    Petit   and    Godard's   boiler,    and   is 

*  ^ee  Min.  Proc.  Inst.  C.  E.,  Vol.  cxiii.,  p.  431  ;  Le  Genie  Civil,  Vol.  xxii.. 
1893.  P-  395- 
'  The  Solignac  boiler  was  patented  in  Britain  in  1894  (No.  20466). 
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illustrated  in  Bertin  and  Robertson's  **  Marine  Boilers,"  p.  265, 
but  the  original  was,  accordinjg  to  M.  Chasseloup-Laubat,  intro- 
duced by  M.  Sochet  in  1855.*  The  comparatively  recent 
Thornycroft- Marshall  boiler,  Figs.  222  apd  223  belongs  to  the 
same  class. 

Such  designs  as  that  of  J.  M.  Stratton,  of  1890  (No.  5633), 
ahhough  special,  may  also  fall  within  the  class  of  horizontally 
inclined  water-tube  boilers. 


Horizontal  Chamber  Boilers, — Allied  to  this  class  are  boilers 
formed  of  a  number  of  horizontal  cylindrical  chambers  con- 
nected together,  usually  by  means  of  short  vertical  branches  or 
tubes.  This  design  is,  in  fact,  a  development  of  that  of  Woolf, 
but  the  number  of  tiers  of  chambers  of  comparatively  small 
diameter  has  been  increased  since  his  day,  and  cast  iron,  as  the 
material  of  construction,  has  been  abandoned.  Instances  of 
this  design  are  to  be  found  in  the  boilers  proposed  by  J.  Brayshay 
in  1856  (No.  1738),  L.  Durand,  1858  (No.  1063),  J.  Howden,  i860 
(No.  2854),  B.  Illingworth,  1876  (No.  3460),  1879  (No.  1563),  J.  C. 

'  See  Les  Chaudicrcs  Marines,  by  M.  L.  De  Chasseloup-Laubat.  Paris  : 
1897,  pp.  u,  72.     Also  Bertin  and  Robertson,  p.  293. 
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Lloyd,   1881  (No.  5741),  and 


Mewburn,  1880  (No. 
others. 

The  boiler  patented  by  Mr.  Howden  was  illustrated  by  him  in 
his  paper  "  On  the  Comparative  Merits  of  Cylindrical  and  Water- 
tube  Boilers  for  Ocean  Steamships,"  in  Trans.  Inst.  Naval  Archi- 
tects for  1894  (Plate  Ixiii.,  Figs.  7  and  8),  and  similar  boilers 
were  also  subsequently  introduced  for  land  use  by  Messrs. 
Hawksley,  Wild  and  Co.,  of  Sheffield  ;  Thomas  Piggott  and  Co., 


FIG.   223. 


of  Birmingham  ;  and  the  Crosland  Company  of  Manchester,* 
illustrations  of  whose  boilers  will  be  found  in  Engineering  of 
1874  and  1875.  What  may  be  called  an  exaggeration  of  this 
design,  simply,  however,  on  account  of  the  increased  diameter  cf 
the  chambers,  will  be  seen  in  the  so-called  ''  Howard  "  boiler 
constructed  at  Barrow  for  the  steamer  *'  Red  Rose,"  this  boiler 
being  illustrated  in  Mr.  Flannery^s  paper  in  Min.  Proc.  Inst.  C.  E., 
Vol.    liv.,  p.  123   (in  Figs.  3  of  Plate  6)  ;  and  in  the  Wigzell 

*  The  patents  of  Hawksley  and  Wild  are— 1869  (No.  2922),  1872  (No.  3207), 
of  the  Kesterton  boiler,  1872  (No.  3^70),  1873  (No.  2497),  and  of  the  Crosland 
boiler,  1869  (No.  2083),  1870  (No.  2818),  1871  (No.  2749),  1872  (Nos.  1962  and 
3310),  1873  (Nos.  1249  and  2614). 
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boiler,   described   by  the  same   author    in   Trans.   Inst.    Naval 
Architects  for  1876*  (Vol.  xvii.,  p.  274,  Fig.  14). 

Another  arrangement  of  horizontal  cylindrical  chambers 
which  has  had  many  advocates  is  that  in  which  the  chambers  are 
placed  concentrically.  A  glance  through  the  records  of  the 
Patent  Office  shows  that  this  was  from  early  days  a  favourite 
plan.  It  was,  perhaps,  suggested  by  Trcvithick's  boiler  of  1802, 
which  was  subsequently  known  as  the  "  Cornish  "  boiler  ;  and, 
in  fact,  that  boiler  shows  the  plan  in  its  most  simple  form,  but  it 
has  been  developed  so  that  several  thin  layers  of  water  are 
exposed  to  heat,  in  order  to  facilitate  evaporation.  A  typical 
example  of  this  design,  and  what  was  perhaps  the  latest  attempt 
to  utilise  the  plan  in  marine  work  is  found  in  Howden  and 
Morton's  boiler,  which  was  fitted  in  the  s.s.  "  Ailsa  Craig  "  in 
1859,  and  is  described  in  Mr.  Howden's  paper  in  Trans. 
Inst.  Naval  Architects  for  1894  (Vol.  xxxv.,  Plate  Ixi.,  Figs. 
5  and  6). 

Vertical  Water-Tube  Boilers, — The  natural  action  of  boiling, 
with  the  vertical  ascent  of  the  heated  water  and  steam  bubbles, 
doubtless  suggested,  at  an  early  period,  the  suitability  of  vertical 
water-tubes  tor  the  construction  of  vessels  in  which  such  action 
was  to  take  place.  In  the  history  of  this  design  R.  Trevithick's 
patent  of  1815  (No.  3922)  has  been  supposed  to  have  introduced 
vertical  tubes  closed  at  the  lower  end  and  hanging  by  their 
upper  end  from  a  tube  or  water  chamber,  the  pendant  part  being 
in  the  combustion  space,  but  a  careful  study  of  that  specification 
shows  that  it  disclosed  no  such  design.  Trevithick  had  patented 
in  1831  (No.  6080)  the  use  of  a  form  of  concentric  vertical  tubes, 
and  others  had  previously  brought  out  smaller  vertical  water 
tubes  with  concentric  tubes,  so  that  when  Jacob  Perkins  followed 
in  July  of  the  same  year  with  his  patent  (No.  6128)  for  the 
hanging  tubes,  each  containing  an  internal  tube  open  at  both 
ends  for  water  supply  and  circulation,  only  a  small  part  of  the 
main  idea  had  been  pubHshed  by  Trevithick. 

From  what  is  said  by  Tredgold  (*'  The  Steam  Engine/'  ist 
ed.,  p.  135  ;  new  ed.,  1838,  p.  128)  it  would  appear  that  Count 
Kumford  originated  the  hanging  tube  design,  if  not  in  the  boiler 
which  he  put  up  in  the  Royal  Institution  in  1796,  at  any  rate 

^  See  also  Engineering  of  28th  April,  1876. 
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in  the  model  boiler  which  he  presented  to  the  French  Institute 
in  1806,  which  latter  Tredgold  describes  minutely.  This,  how- 
ever, seems  not  to  have  been  generally  known  either  here  or  in 
France. 

Perkins'  idea  was  adopted  successively  by  R.  Prosser  in  1839 
(No.  7969),  P.  F.  Joly  in  1857  (No.  2443),  and  E.  Field  in  1862 
(No.  2956),  and  1865  (No.  2661),  to  the  latter  of  whom  is  gene- 
rally ascribed  the  credit  of  first  forming  the  top  end  or  "  moutli" 
of  the  inner  tube  of  a  trumpet  shape  Or  conical  form,  the  largest 
diameter  being  uppermost.  In  this  country,  consequently,  such 
tubes  are  called  *'  Field  "  tubes,  but  in  France  they  are  known 
as  **  Perkins  "  tubes,  and  in  French  works  on  boilers  are  shown 
both  with  and  without  the  trumpet- mouthed  inner  tube. 

There  seems  to  be  no  reason  why  they  should  not  be  called 
"  Rumford  "  or  "  Perkins  "  tubes  in  this  country  also.  The  only 
notable  boilers  in  which  these  vertical  or  vertically  inclined 
Perkins  tubes  have  been  used  are  those  of  Field,  Allen,  Wiegand, 
J.  Thorn  and  Phillips,  although  several  other  designs  employing 
the  same  form  of  tube  in  a  horizontally  inclined  position  have 
already  been  noticed. 

Clark^s  Boiler, — A.  Clark  proposed  in  1822  (No.  4665)  a  boiler 
for  high  pressure  constructed  principally  of  vertical  copper 
tubes  slightly  curved  in  their  length  to  provide  for  expansion. 
The  tubes  were  connected  to  a  fiat  chamber  below  and  to  a 
"  wagon-head "  above,  an  arrangement  which  does  not  seem 
very  well  adapted  for  high  pressure  ;  but  there  were,  however, 
distinct  downcomer  tubes  provided  between  the  two  chambers, 
so  that  the  design  shows  that  the  importance  of  water  circula- 
tion was  understood  by  some  engineers  at  that  early  date. 

The  boilers  of  Joseph  Moore,  1824  (No.  5032),  and  Paul 
Steenstrup,  1827  (No.  5580)  followed,  the  latter  having  the  tubes, 
set  in  a  rectangular  chamber,  part  of  which  was  below  the  fire 
through  which  the  tubes  projected. 

Eve^s  Boiler. — The  boiler  of  Joseph  Eve,  1825  (No.  5297) 
consisted  of  bent  vertical  tubes  attached  above  and  below  to 
horizontal  tubes  of  larger  diameter,  from  which  branches  of 
similar  diameter  led  into  a  steam  chamber  and  a  water  chamber 
below.  One  form  of  it  has  been  represented  by  the  followin/^ 
figure,  which  is  taken  from  Mr.  G.  Halliday's  hook  on  *'  Steam 
Boilers."     Fig.  224. 
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Church's  Boiler's. — Wm.  Church  in  1832  (No.  6220)  and  1833 
(No.  6469),  patented  several  forms  of  boilers  employing  vertical 
water  tubes  ;  but  in  the  most  notable  of  his  boilers,  which  was 
used  in  the  early  days  of  steam  road  vehicles,  these  tubes  were 
combined  with  vertical  and  horizontal  chambers,  so  that  the 
boiler  was  practically  a  vertical  shell  or  tank  boiler  with  vertical 
tubes  and  a  water-cased  furnace.  An  illustration  of  the  boiler 
used  in  Churches  steam  coach  will  be  found  in  the  Engineer  of 


FIG.  224. 


17th  August,  1894,  p.  154,  where  Sir  Frederick  Bramwell's  paper 
on  the  subject  of  the  early  steam  coaches  is  reproduced. 

Summers  and  Ogle's  Boiler. — W.  A.  Summers  and  N.  Ogle  in 
1830  (No.  5927)  brought  out  a  boiler  composed  of  vertical  water 
tubes  with  concentric  flue  tubes  inside.  The  water  tubes  were 
connected  at  top  and  bottom  ends  to  transverse  tubes  of  a 
flattened  section,  and  the  internal  tubes  were  so  fastened  outside 
of  the  transverse  tubes  that  they  acted  as  stays  or  ties.  Fig.  225 
shows  this  boiler  in  vertical  section. 

W.  A.  Summers  was  afterwards  associated  with  Andrew  Lamb 
in  the  Lamb  and  Summers  boiler. 
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Treviihick's  Boilers. — R.  Trevithick's  patent  of  1831  (No.  6082) 
cannot  accurately  be  described  as  showing  a  boiler  formed  of 
concentric  vertical  water-tubes.  It  showed  rather  a  number  of 
concentric  tubes  grouped  together  to  form  fireplace,  boiler, 
jacket,   condenser,  and   air  vessel.     His   patent    of  1832    (No. 


FIG.   225. 

6308),  however,  contained  an  elaborate  design  for  a  vertical 
water-tube  boiler,  having  vertical  tubes  set  round  the  fire  and 
connected  top  and  bottom  to  tubular  rings,  the  bottom  ring 
being  below  the  grate.  Several  U-shaped  tubes  were  hung  in 
the  combustion  space  over  the  fire  for  the  purpose  of  super- 
heating the  steam  on  its  way  from  the  outside  ring  of  vertical 
tubes  through  the  U-tubes  to  the  engine. 
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Maceront  and  Squires  Boiler. — John  Squire  and  Francis 
Maceroni,  iiist  together  in  1833  (Xo.  6449),  and  afterwards 
separately  in  1839  (Xo.  8229),  1842  (Xo.  9564),  took  out  patents 
for  a  vertical  water-tube  boiler  with  concentric  inner  flue  tubes, 
the  outer  tubes  being  connected  together  by  short  horizontal 


tubes.  Fig.  226  gives  an  illustration  of  this  design  in  perspec- 
tive. In  the  later  patents  some  improvements  in  details  were 
proposed. 

Other  designs  were  proposed  by  J.  McDowal  in  1834  (Xo. 
6606),  \V.  Carpmael  in  1835  (Xo.  6955),  H.  Elkington  in  1837 
(Xo.  7305),  and  V.  Hills  in  1839  (Xo.  7958),  and  1840  (No. 
8495),  none  of  which  demand  particular  notice. 
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James'  Boiler. — In  one  of  the  patents  of  W.  H.  James,  viz., 
that  of  1838  (No.  7854),  however,  there  was  a  design  which 
seems  to  have  been  misunderstood  by  some.  In  this  patent  he 
proposed  to  use  vertical  zig-zag  shaped  tubes,  or  alternately 
spiral  tubes,  connected  top  and  bottom  to  annular  horizontal 
pipes.  The  vertical  tubes  were  to  be  partly  filled  with  coils  of 
wire,  with  the  idea  of  communicating  heat  more  rapidly  to  the 
water  in  them.  The  mention  of  these  coils  has  evidently  caused 
some  to  imagine  that  this  was  a  coil  boiler,  whereas  its  distinc- 
tive feature  was  the  vertical  zig-zag  or  spiral  tube. 

Craddock's  Boiler. — In  1840  (No.  8432)  and  1846  (No.  11473) 
Thomas  Craddock  took  out  patents  for  a  vertical  water-tube 
boiler  which  for  a  time  gave  fair  promise  of  good  results.  As 
latterly  made  it  consisted 
wholly  of  vertical  tubes, 
with  a  small  bend  or  curve 
in  the  upper  part  of  their 
length  to  provide  elasticity 
under  expansion,  these  tubes 
being  attached  at  each  end 
to  the  flat  side  of  a  small 
D-shaped  box  or  channel. 
The  lower  channel  was  used 
for  water  supply  and  the  top 
one  for  conveying  steam  to 
a    steam    dome    or   to   the  ^,, 

engine.     Figs.  227,  228,  and 

229  show  this  boiler,  the  two  latter  as  arranged  for  marine  use,  in 
which  form  it  had  various  trials  in  the  s.s.  '*  Thetis  "  about  the 
year  1856.  It  is  evident,  however,  that  there  was  not  sufficient 
freedom  of  circulation  of  water  provided  for  by  the  D-shaped 
connections,  and  that  this  action  is  further  hindered  by  the 
want  of  sufticient  downcomer  channels.  Consequently  serious 
alterations  were  required  in  the  original  ** Thetis"  boilers,  but 
with  these  excellent  evaporative  results  were  obtained  until 
corrosive  action  destroyed  the  vertical  tubes. 

In  1852  (No.  51)  and  1857  (No.  931  and  No.  1162)  Craddock 
turned  to  other  forms  of  boilers,  but  was  not  successful  in 
getting  them  introduced.  One  form  of  his  boiler  of  1857  is, 
however,  similar  to  that  of  some  recent  ones. 
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Clarke  and  Motleys  Boiler. — The  patent  of  J.  Winchester,  1842 
(No.  9560),  calls  for  no  further  mention,  but  that  of  Thos. 
Clarke  and  Thos.  Motley,  1849  (No.  12514),  although  never 
introduced  into  use,  has  come  into  some  notice  in  recent  years 
through  abortive  attempts  to  find  in  it  the  original  of  a  design 
which  it  does  not  represent.  This  boiler  was  formed  of  a  main 
vertical  cylindrical  chamber,  from  which  at  the  bottom  two 
semi-circular  or  D-shaped  branches  extended,  one  on  each  side 
of  the  hre  and  just  below  the  fire-bars.  A  single  chamber  of 
the  same  form,  but  of  larger  dimensions,  branched  off  some 
distance  above,  and  these  branch  chambers  were  connected  by 
two  groups  of  straight  water  tubes  inclined  a  little  from  the 
vertical,  one  group  being  on 
each  side  of  the  fire.  The 
two  rows  of  tubes  nearest 
to  the  fire  were  of  larger 
diameter  than  the  rest,  of 
which  the  diameter  was 
decreased  as  the  rows 
receded  from  the  fire.  The 
Fig.  230  illustrates  the  form 
proposed  for  this  boiler. 
It  was  evidently  intended 
to  have  a  supplementary  fire 
under  the  lower  branch 
chambers,  and  a  fan  was 
provided  at  the  bottom  of 
the  ash-pit,  in  which  this 
supplementary  fire  is  shown,  to  supply  air  for  combustion.  The 
spindle  carrying  this  fan  passed  right  up  the  centre  of  the  main 
vertical  chamber,  and  it  carried  paddles  for  forcing  the  water 
into  the  lower  branches,  in  addition  to  a  fan  with  curved  blades 
in  the  steam  space  for  drawing  off  the  steam  and  passing  it  out 
into  steam  pipes.  This  boiler  bore  more  resemblance  to  the 
one  subsequently  patented  by  W.  Johnson  in  1855  i^^-  35)  than 
it  does  to  boilers  of  the  three-chamber  type  introduced  in  1876 
and  in  subsequent  years. 

Johnson'' s  Boiler. — Fig.   231    shows   Johnson^s   boiler,  which 
requires  no  description. 

The  patents  of  W.  E.  Newton,  1849  (No.  12783),  W.  Warnc, 
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1854  (No.  558),  J.  McFarlane,  1854  i^^-  1202),  L.  N.  Langlois 
and  J.  B.  Claviers,  1854  (No.  1890),  John  Elder,  1858  (No.  162), 
and  J.  Willcock,   1859    (^^-   2614),  all  describe  boilers  of  the 


of  which   possess    interesting 


vertical  water-tube  class,  some 
features,  such  as  means  for 
passing  the  currents  of  water 
and  gases  in  opposite  direc- 
tions, tubes  oval  in  section  or 
tapering  in  diameter  upwards, 
the  increased  diameter  being 
above,  combination  of  straight 
and  spiral  tubes,  &c.,  but  none 
of  them  requires  more  par- 
ticular notice. 

Rowan  and  Horion^s  Boilers. 
—In  1861  (No.  2207)  J.  M. 
Rowan  and  T.  R.  Horton 
patented  a  boiler  composed  of 
vertical  water-tubes  set  in  rect- 
angular frames  or  leaves  of 
square  section,  formed  by 
channel  irons  and  plates  or  by 
flat  plates  and  angle-irons. 
These  frames  were  set  on  edge 
across  three  cylindrical  water 
chambers  below,  to  which  they 
were  rigidly  attached,  and 
across  their  centre  above  a 
steam  cylinder  with  vertical 
domes  was  placed,  bent  tubes 
from  each  side  branching  out 
horizontally  from  the  steam 
drum  and  entering  the  top  of 
the  frames  vertically.  This 
design  was  a  development  of 
their  cellular  boiler  of  1858  (mentioned  later  on  p.  485),  and  is 
illustrated  by  Fig.  232. 

A  further  development  was  patented  in  1869  (No.  3253),  in 
which  the  frames  or  leaves  were  entirely  abolished,  and  the 
vertical  water-tubes  were  connected  directly  to  the  steam  and 


FIG.   231. 
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water  cylinders,  into  which  all  entered  radially,  the  end  portions 
of  the  tubes  being  bent  to  various  arcs  of  a  circle,  according  to 
their  relative  positions,  for  this  purpose. 


This  design  is  illustrated  in  Figs.  233  and  234.  It  was  fitted 
in  the  steamers  ''  Haco,"  **  Propontis,*'  **  Nepaul,"  "  Bengal,'*  and 
others,  but  on  account  of  an  accident  to  the  boilers  of  the 
"  Propontis,"  shown  in  Fig.  235,  the  exact  cause  of  which  is 
given  in  the  author's  papers  in  Trans,  of  the  Inst,  of  Engineers 


KIG.   233. 


and  Shipbuilders  in  Scotland,  Vols,  xxiii.,  pp.  73-117,  and  xH., 

pp.  1 17-12 1,  the  introduction  of  them  was  prematurely  stopped. 

This  was  undoubtedly  the  first  boiler  of  any  class  in  which 

numbers  of  small  tubes  are  connected   to  cylindrical  chambers 
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which    they   enter   radially.     This   feature  of  construction   has 
been  widely  copied  since  1869. 

W.  E.  Newton  in  1859  (No.  895)  and  J.  G.  E.  Larned  in  1858 
(No.  2803)  both  proposed  vertical  water-tube  boilers  which  have 
some  points  of  interest.     The  latter  specification,  though  only  a 


KIG.   234. 


provisional,  gives  some  figures  of  the  dimensions  of  the  boiler, 
which,  it  is  said,  had  given  120  H.P. 

Greenes  Boilcf. — E.  and  E.  Green  in  1861  (No.  2671)  patented 
a  boiler  composed  of  vertical  water-tubes  set  in  rows  and 
tapered  in  a  similar  manner  to  that  of  Miller's  cast  iron  boiler 
mentioned  at  page  365.  The  vertical  tubes  were  corrugated  on 
their  outside  surface  in  order  to  increase  the  area  of  heating 
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surface,  and  several  rows  farthest  from  the  fire  were  used  to  heat 
the  entering  feed  water,  these  tubes  being  furnished  with  similar 
scrapers  to  those  used  in  Green's  usual  feed-heater  or  econo- 
miser. 

Williamson's  Boiler. — Several  arrangements  of  a  vertical  water- 
•-ube  boiler,  the  tubes  inclining  at  a   slight  angle  from  each  side 


m;,  2.55. 


of  the  lire,  were  proposed  by  A.  \V.  Williamson  in  1861  (No. 
2794)  and  1 86 J  (Xo.  619).  The  great  point  aimed  at  by  Pro- 
fessor Williiunsoii  in  these  boilers  was  to  have  each  tube  free  to 
expand  without  straining  its  connections,  and  w^ith  this  object 
one  end  of  each  tube  was  closed  and  a  smaller  bent  pipe 
attached  it  to  the  main  steam  connection.  Figs.  236  and  237 
illustrate  this  boiler,  which  was  fitted  into  the  steamer  '*  Murillo," 
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but  was  unsuccessful.    An  account  of  it  is  given  by  Mr.  Hovvden 
in  Trans.  I.  N.  A.  1894,  Vol.  xxxv.,  p.  311. 

FiehVs  Boiler. — Several  patents  were  taken  out  by  E.  Field,  with 
some  partners,  in  1862  (No.  2956),  1865  (No.  2661),  1866  (No. 
1694),  and  1867  (No.  1419),  for  boilers  employing  the  hanging 
tube  invented  by  Jacob  Perkins,  with  an  internal  tube  of  which 
the  top  end  was  conically  shaped  to  form  a  **  trumpet-mouth." 
In  the  hrst  of  these  patents  the  application  of  these  tubes  to 
a  vertical  steam  hre  engine  boiler  is  shown,  but  it  is  in  the  last  of 
them  that  what  is  known  as  the  **  Field  "  boiler  is  set  forth. 


FIG.  236.  kk;.  237. 

This  boiler  is  illustrated  in  Fig.  238,  and  a  description  of  it 
will  be  found  in  the  discussion  on  a  paper  on  water-tube  boilers 
by  Mr.  V.  Pendred  in  Trans,  of  the  Society  of  Engineers, 
London,  for  1867,  whilst  the  earlier  boilers  with  '*  Field  "  tubes 
are  described  by  Mr.  D.  K.  Clark  in  the  '*  Steam  Engine/'  &c., 
Vol.  ii.,  p.  737,  &c. 

A  somewhat  similar  design  was  proposed  by  A.  V.  Xewton 
in  1864  (No.  1 178),  and  the  Kinsey  *' Unit "  boiler,  illustrated 
in  Engineerings  Vol.  viii.,  p.  383-386,  has  some  features  in 
common  with  these  designs. 
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TwihilVs  Boiler.— ]o^t\ih  Twibill  in  1865  (No.  243)  and  1866 
(No.  2378)  patented  water-tube  boilers  constructed  of  vertically 
inclined  tubes  with  different  degrees  of  inclination.  In  one 
arrangement  the  tubes  forming  the  fireplace  were  placed  m  the 
form  of  a  triangle,  w^hilst  in  the  flue  or  main  heating  chamber 
they  were  ranged  parallel  to  one  another  and  joined  at  each  end 
by  horizontal  pipes,  with  a  water  chamber  and  a  steam 
chamber  above  the  vertical  tubes.  Another  form,  illustrated  in 
Fig.  239,  had  the  tubes  more  horizontally  inclined  with  vertical 
standpipes,  and  intermediate  horizontal  connections  to  which 


KUJ.   239. 


the  ends  of  the  tubes  were  attached.  The  fireplace  was  formed 
of  brickwork,  and  the  steam  and  water  drums  were  carried  by 
the  end  walls  of  the  casing. 

Jordan's  Boiler, — The  boiler  patented  by  T.  B.  Jordan  in  1865 
(No.  2776)  possessed  some  interesting  features.  It  was  composed 
of  vertical  tubes  of  9  inches  in  diameter  and  7  feet  6  inches 
long,  made  of  lap-welded  wrought  iron  ]  inch  thick,  and  having 
at  the  top  and  bottom  ends  a  cast  iron  ring  with  side  flanges  to 
which  water  and  steam  branch  pipes  were  attached.  A  wrought 
iron  bolt  tied  the  two  caps  to  the  tube  ;  but  it  was  this  tie-bolt 
which,  as  in  the  case  of  the  Harrison  boiler,  was  most  frequently 
objected  to. 
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Fig.    240   illustrates    this   boiler.      Each   vertical    tube    was 
reckoned   as   equal  to  one    H.P.,    and  some  testimony    to    the 


FIG.   24a 


satisfactory  working  of  the  boiler  may  be  found  in  the  discus- 
sion on  Mr.  V.  Pendred's  paper  on  water-tube  boilers,  in  Trans. 
of  the  Society  of  Engineers,  6th   May,  1867. 
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Howard's  Boiler. — Jas.  Howard  and  E.  T.  Boustield  took  out  a 
number  of  patents  for  what  was  known  as  the  Howard  vertical 
tube  boiler,  miinufactured  and  used  at  Messrs.  J.  and  F.  Howard's 
Britannia  Works  at  Bedford.  These  patents  are  dated  1866 
(Nos.  226  and  181 1),  1867  (No.  76),  1868  (Xos.  430  and  3468), 
and  later  years,  and  the  boiler  consisted  of  vertical  tubes, 
connected  top  and  bottom  by  transverse  tubes,  and  having 
concentric  circulating  tubes  inside  the  vertical  tubes  extending 
up  to  the  water  level  of  the  boiler.      Figs.  241  and  242  show  this 


Kit;.  242. 

boiler,  which  gave  fairly  good  results,  some  record  of  which  will 
be  found  in  Mr.  Pendred's  paper  and  discussion  above  quoted. 

Although  one  section  of  the  Howard  vertical  tube  resembles 
the  hanging  tube  of  Perkins  with  its  internal  tube,  it  is  evident 
that  this  design  is  only  approximately  similar  to  Perkins'. 

Wiegand  Boiler. — In  the  case  of  the  Wiegand  boiler,  intro- 
duced in  America,  but  patented  in  Britain  in  1868  (Xo.  1365) 
and  1870  (Nos.  1856  and  3390),  we  have,  however,  a  direct 
apphcation  of  the  Perkins  tube.  This  boiler  is  illustrated  in 
Fig.  243.  It  consisted  at  first  of  rectangular  boxes,  or  small  tanks, 
from  which  pendant  tubes  hung  vertically  downwards,  each  of 
these  tubes  having  an  internal  tube  provided  with   external  lins 
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or  feathers  in  order  to  cause  the  steam  and  water  to  ascend 
spirally,  whilst  the  top  of  the  internal  tube  was  formed  with  a 
tapering  or  extended  mouth  so  as  to  collect  the  revolving 
current  of  water  and  direct  it  into  the  tube.  In  the  illustration, 
which  shows  the  boiler  as  tested  at  the  International  Exhibition 
at  Philadelphia  in  1876,  the  form  of  the  boxes  or  tube-heads 
was  altered,  as  well  as  that  of  the  internal  circulating  tubes. 

In  the  boilers  of  C.  M.  Barker,  1869  (Xo.  1228),  and  of 
Rogers  and  Black,  the  latter  of  which  was  also  tried  at  Phila- 
delphia  in    1876,  and   is  illustrated   in    D.   K.   Clark's   "Steam 

Engine,'^  &c..  Vol.  i.,  p.  255, 
vertical  water  -  tubes  were 
combined  with  a  cylin- 
drical shell,  in  the  one  case 
inside  and  in  the  other  out- 
side of  the  larger  vertical 
cylinder. 

Finniiiich  Boiler,  —  The 
Firminich  boiler  was  also 
introduced  in  America,  and 
was  among  the  boilers 
tested  in  1876  at  Philadel- 
phia. 

Fig.  244  shows  its  form. 
It  was  composed  of  vertical 
water  tubes,  two  rows  of 
which  were  connected  top 
and  bottom  to  cylindrical 
chambers  running  from  front 
to  back  of  the  boiler. 
Fryer's  Boiler. — A.  Fryer  patented  in  1874  (No.  1774)  a  pecu- 
liar design  of  vertical  tube  boiler  which  is  shown  in  the  illustra- 
tion. Fig.  245.  It  had  three  horizontal  chambers  above  and  four 
below,  the  centre  one  of  the  three  above  and  the  two  inner  ones 
below  being  of  larger  diameter  than  the  others.  Several  rows 
of  small  water- tubes  connected  the  upper  and  lower  chambers, 
some  of  them  being  bent  at  one  end  and  the  others  being 
straight,  and  large  downcomer  passages  were  also  constructed 
between  the  three  larger  chambers.  After  the  success  of  some 
of  the  three-chamber  boilers,  to  be  subsequently  described,  this 


THE  MODERN  STEAM  BOILER. 


441 


design  was  considerably  altered,  and  in  the  discussion  of  a  paper 
on  **  Torpedo  Boat  Destroyers/'  in  the  Institution  of  Civil  Engi- 
neers (Min.  Proc.  Inst.  C.E.,  Vol.  cxxii.,  p.  81),  Mr.  D.  Halpin 
put  forward  Fig.  246  as  a  representation  of  the  boiler  invented 
by    Fr^er.     The    contrast   between   the   two  is,  however,  too 


HC.   244. 


glaring  to  pass  without  notice  ;  but  this  is  not  the  only  design 
which  has  been  subjected  to  some  alteration  in  order  to  bring  it 
into  conformity  with  more  modern  ideas. 

Rowan's  Boiler. — In  1876  (No.  4430)  the  author  of  this  work 
patented,  as  a  development  from  the  Rowan  and  Horton  designs 
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already  referred  to,  and  with  a  special  view  to  the  requirements  of 
vessels  of  the  Navy,  a  b  )iler  composed  of  three  cylindrical  cham- 
bers, arranged  horizontally  one  on  each  side  of  the  fireplace  and 
one  above,  so  that  lines  drawn  through  their  centres  would  form 
a  triangle,  with  vertical  water-tubes  slightly  inclined  and  having 
their  ends  bent  to  enter  the  cylindrical  chambers  radially.  This 
boiler  is  illustrated  in  Fig.  247  and  Figs.  52  and  53  (Chap.  III.), 


nr..  246. 


and  it  was  undoubtedly  the  first  of  a  type  which  in  more  recent 
years  has  become  widely  used,  the  three-chamber  boilers  of 
Yarrow,  Thornycroft,  Normand,  Blechynden,  Reed,  Fleming  and 
Ferguson,  and  many  others  being  modelled  on  the  same  type  with 
some  differences  in  the  shape  given  to  the  water-tubes  joining 
the  three  chambers.  Distinct  downcomer  tubes  were  at  iirst 
common  to  all  these  boilers,  but  latterly  Mr.  Yarrow  discarded 
these  and  preferred  to  utilise  the  outer  rows  of  small  water 
tubes  for  the  downward  currents  of  water. 
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ThornycrofCs  Boiler. — J.  I.  Thornycroft's  three-chamber  boiler 
('*  Speedy  type")  seems  to  have  been  patented  in  1885  (No.  1404), 
although  it  was  not  brought  prominently  forward  until  some  years 
later.  It  is  shown  in  Figs.  248  and  249,  and  has  been  frequentU 
described  in  his  own  and  other  papers.  See  especially  Min.  Proc. 
Inst.  C.E.,  Vol.  xcix.,  p.  41,  and  Trans.  Inst.  N.A.,  1889.  The  tubes 
are  bent  so  as  to  enter  the  steam  chamber  on  the  upper  side  above 
the  water  level.  Mr.  Thornycroft  has  also  introduced  another  form 
of  water-tube  boiler,  in  which  there  are  only  two  main  horizontal 
chambers,  and  the  water-tubes  are  connected  to  these  in  such  a 
way  that  the  outline  of  the  boiler  somewhat  resembles  that  of  a 
peg-top.  This  is  known  as  the  '*  Daring  type,"  and  is  illustrated 
in  Fig.  250.  Descriptions  of  it  and  its  work  will  be  found  in 
comparatively  recent  papers  by  Mr.  Thornycroft  and  by  Mr.  J.  T. 
Milton  (Inst.  C.E.,  Vol.  cxxxvii.  and  Trans.  Inst.  N.A.).  This  form 
was  patented  in  1890  (No.  17809). 

White's  Boiler. — Another  three-chamber  boiler  was  patented 
by  J.  L.  and  H.  S.  White  in  1889  (x\o.  6934),  and  1893  (No.  18076). 
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FIG.  248. 


FIG.  249. 


FIG.  250. 
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FIG.   252. 
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In  addition  to  the  nearly  straight  tubes  connecting  the  two  lower 
with  the  upper  chambers,  it  had  a  number  of  tubes  bent  in  cork- 
screw form  filling  up  the  combustion  si)ace,  and  thus  adding 
considerably  to  the  amount  of  heating  surface. 

Fig.  251  illustrates  this  boiler,  which  was  described  by  Mr. 
J.  T.  Milton  in  Trans.  Inst.  N.A.,  Vol.  xxxv.,  1894,  page  303. 

Another  form  of  the  three-chamber  boiler  is  made  by  the 


Liquid  Fuel  Engineering  Co.,  of  East  Cowes,  Isle  of  Wight, 
and  is  illustrated  by  Fig.  252.  In  this  form  the  small  tubes 
between  the  two  lower  and  the  upper  chambers  are  crossed,  as 
will  be  seen,  and  enter  the  steam  chamber  on  the  upper  side. 

Other  three-chamber  forms  are  those  of  H.  A.  House  and  R. 
Symon,  1893  (No.  17224)  ;  J,  W.  Davis,  1893  (Xo.  17473)  5  ^^-  ^'• 
Des  Vignes,  1893  (No.  18419)  ;  B.  H.  Thwaite  and  J.  B.  Kiir- 
neaux,  1893  (No.  20414)  ;  R,  Schulz,  1894  (No.   1297)  ;   P.  Smit 
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1894  (No.  7793)  ;  T.  Herald,  1894  (No.  7794)  ;  SirC.  Ross,  1894 
(No.  8472)  ;  O.  D.  Orvis,  1895  (No.  5740)  ;  J.  Patterson  and  J.  A. 
Sandilands,   1895  (No.   10441)  ;  P.  Bentzene  and  C.  F.   Olsen, 

1895  (No.    12754)  ;    E.    Lagosse,    1895    (No.    16013)  ;    H.    Du 

I 


FIG.  254. 

Temple,  1895  (No.  17200)  ;  H.  Mclntyre,  1896  (No.  4352)  ;  J.  P. 
Hall,  1896  (No.  10774)  ;  ^^  Temple,  1897  (No.  11570) ;  Hills 
and  Young,  1897  (No.  19876),  &c. 

Yarrow^s   Boiler. — Mr.    Yarrow's    three-chamber    boiler    was 
patented  in  1889  (No.  17958).     In  it  the  two  lower  chambers 
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are  made  of  approximately  semi-circular  form,  the  flat  surface 
enabling  all  the  water-tubes  to  be  inserted  without  a  bend. 

Fig.  253  illustrates  this  boiler,  of  which  descriptions  will  be 
found  in  Trans.  Inst.  N.A.,  1893,  in  Gassier' s  Magazine  for  August 
1897,  and  in  several  other  technical  pubhcations. 

Du  Temple  Boiler. — ^The  boiler  of  M.  Du  Temple,  as  now 
known  and  as  patented  in  Britain  in  1891  (No.  518),  is  another 


FIG.  255. 


modification  of  the  three-chamber  design,  the  two  lower  cham- 
bers, however,  being  in  this  case  of  square  shape,  and  the  tubes 
having  a  more  sinuous  form  than  in  most  of  the  other  modifica- 
tions. 

This  boiler  is  illustrated  in  Fig.  254,  but  according  to  M. 
Bertin  (**  Marine  Boilers,"  pp.  297-302),  the  tendency  of  recent 
improvement  in  this  boiler  has  been  towards  a  less  sinuous 
fprni  of  water  tubes  and  a  greater  approximation  to  the  form 

Q 
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of  the  Xorniiind  boiler.     This   is  shown  in   his  British   patent 

of  1895. 

An  older  desi^^n,  associated  in   this  country  with   the   name  of 

M.  Du  Temple,  is  shown  in  F'ig.  255,  and  is  seen  to  combine  the 

steam  chamber  at  the  upper  ends  of  the  bent  water-tubes  with 

a   single    water    chamber   of  square    shape  at   the  lower  ends. 

There    is  an   external   downcomer   tube,  as   in  the  case  of  the. 

other  Du  Temple  boilers. 

This   form    was    patented    in    Britain    in    1880    (No.    2554). 

Further  patents  are  dated  1893  (Nos.  7923,  8251)  and  1895  (No. 

17200). 

C(nc'/t\s'  /^/7rr.— The  boiler  of 
\V.  Cowles  was  introduced  in 
America,  and  was  patented  in 
Britain  in  1889  (No.  1161).  It 
also  adheres  to  the  three-chamber 
type,  but 'has  a  more  elaborate 
arrangement  of  bent  water-tul>es 
than  the  other  examples  of  this 
type.  This  will  best  be  under- 
stood from  the  drawing.  Fig.  256 
represents  this  boiler  as  described 
]      jj=ir=    y!!fj!i»*|!!lfffl||:  by  Mr.  \V.  M.  McFarland  at   the 

!     .y»t3    t:  :!. ::     i  international     Engineering    Con- 

gress, Chicago,  in  1893.  It  will 
be  noticed  that  for  a  short  length 
the  back  portion  of  the  steam 
drum    is    reduced    in    diameter, 

KU/.    2S'>. 

at  which  part  the  w^ater-tubes 
brancli  out  from  nearly  the  whole  circumference.  These  tubes 
are  made  to  lill  the  back  space  of  the  combustion  chamber, 
the  increased  number  of  them  enabling  them  to  be  laid  fairly 
close  together.  Other  tubes  attached  to  box  branches  form 
the  side  walls  of  the  combustion  space. 

Andrews'  Boiler.— In  1892  (No.  13185)  J.  Andrews  patented 
another  example  of  the  three-chamber  type,  which  is  show^n  in 

Fi^^  257. 

It  differs  from  that  of  Yarrow  and  others  in  the  form 
adopted  for  the  chambers.  The  form  of  the  upper  chamber 
necessitates  an  additional  steam  drum. 
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Fleming  ami  Ferguson  s  Boiler. — The  boiler  known  as  Fleming 
and  Ferguson's  **  Clyde  "  boiler  was  patented  by  P.  Ferguson 
and  W.  Fleming  in  1892  (No.  24141).  It  is  illustrated  in  Fig. 
258,  which  shows  that  in  this  case  the  three  chambers  are  con- 
nected by  water-tubes,  which  are  all  bent  throughout  their  entire 


length  to  some  arc  of  a  circle.     Otherwise  there  is  no  striking 
difference  between  this  and  other  forms  of  the  same  type. 

Normand  Boiler. — This  type  was  introduced  in  France  by  M. 
Normand,  who  lirst  of  all  improved  the  Du  Temple  boiler,  until 
it  but  slightly  differentiates  from  some  other  forms,  and  later 
brought  out  the  boiler  which  is  associated  with  his  own  name. 


rfl ■■ 


The  stages  of  these  interesting  developments  are  traced  in  M. 
Bertin's  work  on   Marine    Boilers  (Bertin   and  Robertson,  pp. 

297—313). 

The  Normand  boiler  is  illustrated  in  Fig.  259,  from  which  it 
will  be  seen  that  in  the  form  of  the  water-tubes  it  resembles  the 
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original  Rowan  three- chamber  boiler  more  than  any  of  the 
others.  The  Normand-Sigaudy  boiler,  1895  (No.  4975)  consists 
of  two  such  boilers  joined  back  to  back. 

The  Normand  boiler  was  patented  in  Britain  in  1894  (Nos. 
2315,  25004). 


Blechymien  Boiler.  The  late  Mr.  Blechynden  patented  in 
1893  (Nos.  18311,  22949),  ^^95  (Nos.  9517,  17221)  the  form  of 
three-chamber  boiler  with  which  his  name  is  associated.  It  is 
shown  in  Fig.  260,  and  its  peculiarity  is  seen  to  consist  in  having 
the  steam  chamber  larger  than  usual,  and  a  slight  bend  in  the 
water-tubes  so  that  any  of  these  can  be  withdrawn  or  replaced 


THE  MODERN  STEAM  BOILER. 


453 


from  hand  holes  arranged  in  the  top  of  the  steam  chamber. 
Mr.  Blechynden's  boiler  has,  like  several  of  the  other  modifica- 
tions of  this  type,  been  introduced  into  the  smaller  vessels  of 
H.M.  Navy.  It  is  now  constructed  by  Messrs.  Henry  Watson 
and  Sons,  of  Newcastle. 

Reed's  Boiler. — The  only  other  marine  boiler  of  this  type,  of 
importance,  is  the  one  introduced  by  Mr.  J.  W.  Reed,  in  1893 
(Nos.  22982,  24124),  1896  (No.  4654),  and  constructed  by  Palmer's 
Shipbuilding  Company. 

It  is  illustrated  in  Fig.  261.  In  it  the  three  chambers 
are  ail  cylindrical  in  form,  and  the  bend  of  the  water-tubes 
resembles  the  form  adopted  in  the  Du  Temple  -  Normand 
boilers  of  the  "  Mangini."  The  two  rows  of  tubes  over  the  fire 
are,  however,  in  the  Reed  Boiler,  zig-zagged  to  give  increased 
heating  surface,  and  down- 
comer  tubes  are  supplied  at 
each  end  of  the  horizontal 
chambers. 

Maxim*s  Boiler. — The  varia- 
tions in  form  of  water-tubes 
adopted  in  this  type  is  further 
illustrated  in  the  boiler  con- 
structed by  Mr.  H.  S.  Maxim 
for  his  flying-machine.     This  kkj.  2fw 

is  shown  in  Fig.  262. 

MumfonVs  Boiler. — A  modification  of  this  type  was  introduced 
by  Mr.  A.  G.  Mumford  of  Colchester,  in  1893,  ^^r  small  boilers, 
from  which  he  developed  another  arrangement  suitable  for 
larger  powers.  In  this  case,  as  is  shown  in  Fig.  263,  the  three" 
chambers  are  attached  by  branch  pipes  to  boxes  which  contain 
clusters  of  small  bent  water-tubes.  The  intermediate  joints  give 
undoubted  facility  for  the  removal  and  repair  of  any  of  the 
individual  clusters,  and  in  the  erection  of  a  boiler  on  board  ship 
there  is  no  riveting  or  tube  expanding  required.  This  consti- 
tutes the  special  advantage  possessed  by  this  design.  Mr. 
Mumford's  patents  are  dated,  1893  (No.  8729),  1895  (Nos. 
8043  and  15549),  1897  (^o-  S498),  1898  (No.  19008),  1899  (No. 
9898). 

This  boiler  has  also  been  introduced  for  trial  in  H.M.  Navy. 

Another    modilication    of    the    three-chamber    design    was 
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proposed  by  C.  S.  Galloway  in  1894  (^^-  ^99' 3)?  ^^^  ^  further 
one  by  Mr.  James  Weir  later. 

U'lir  Uoihr. — Mr.  Weir  patented  in  1894  (Xo.  3724)  a  boiler  with 
two  horizontal  drums  connected  by  a  number  of  small  water- 
tubes  ;  also  a  central  vertical  chamber  and  small  tubes  curving  from 
the  top  to  near  the  bottom,  and  other  forms.  In  subsequent 
patents,  Xo.  4995  and  28961  (1896),  Xo.  9177  (1897)  and  No. 
12308  (1898),  he  developed  various  designs  with  the  object  of 
forming,  by  means  of  bent  water-tubes,  a  combustion  space  for 
secondary  combustion  of  the  hot  gases  which  are  cooled  often 


to  the  point  of  c.xtingnishing  tlame  by  their  Hrst  contact  with 
the  heating  snrfacc.  As  shown  by  his  paper,  read  before  the 
Institute  of  Kngineers  and  Shipbuilders  in  Scotland,  Vol.  xlii. 
pp.  12 — 40  and  phitc  2,  Mr.  Weir  finally  fixed  upon  the  three- 
chamber  form  as  the  most  suitable  for  carrying  out  his  plan. 

With  regard  to  all  the  forms  of  this  three-chamber  type,  it  is 
apparent  that  the  more  the  water-tubes  are  bent  or  twisted  into 
fantastic  shapes,  the  more  is  the  advantage  of  having  straight 
vertical  tubes  lost,  and  facility  of  examination  is  also  lost  in 
proportion.' 

'  Sec  The  Engineer.     Xovcmbcr  21,  1890,  p.  408. 
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Mosher's  Boiler. — The  boiler  of  C.  D.  Mosher,  introduced  in 
America  in  1880,  but  patented  in  Britain  in  1892  (No.  1725),  has 
only  two  chambers  to  each  group  of  tubes,  but  usually  four 
chambers  are  connected  to  form  a  boiler  as  is  shown  in  Fig.  264. 
The  arrangement  of  the  water-tubes  is  in  some  respects  similar 
to  that  of  the  Cowles  boiler,  but  in  delivering  their  contents 
above   the   water-line   in   the   top   chamber,   it   resembles   the 


FIO.  264. 


Thornycroft  boilers.  Further  designs  were  patented  by  Mosher 
in  1894  (Nos.  17285  and  17286). 

Seabutyy  Synton-Hottsey  and  Gnrney  Boilers. — Seabury's  Boiler 
of  1892  (American  patent  No.  497432)  has  also  two  chambers, 
but  the  water-tubes  are  bent  outwards  on  each  side  to  embrace 
the  fire,  which  is  placed  between  the  two  horizontal  chambers — 
see  Fig.  265. 

Of  a  similar  design  is  the  Symon- House  boiler  (illustrated  in 
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Berlin  and  Robertson's  Marine  Boilers,  page  324),  which  is 
almost  the  counterpart  of  the  boiler  patented  by  L.  Mills  and 
W.  Clark  in  1878  (Xo.  3865),  whilst  both  of  these  boilers  recall 

the  original  boiler  of  Goldsworthy 
Gurney  in  1825  (No.  5270),  which  is 
ilhistrated  in  Fig.  266,  and  Craddock's 
Boiler  of  1857  (Nos.  931  and  1162). 

A  number  of  Patents  for  vertical  or 
vertically  inclined  water-tube  boilers 
were  taken  out  during  the  years  from 
r88o  to  1896,  few  of  which  require 
any  particular  notice.  Of  these  the 
names  of  the  following  are  sufficient : — 
Ballian,  1880  (No.  4662),  Stevenson, 
1883  (No.  5907),  Lake,  1884  (No.  1420), 
Leutner,  1884  (No.  12013),  Allen,  1886 
(No.  10780),  Seabury,  1889  (No.  4279), 
Haurez,  1889  (No.  10056),  King  and 
Clark,  1889  (No.  11735),  Van  Steen- 
bergh,  1890  (No.  3020),  Drory,  1892  (No.  15069),  W.  H.  Wat- 
kinson,  1896  (No.  15721)  (see  page  506). 

Ward's   Boiler.— In    1888    (No.    11617),    Mr.  Chas.  Ward  of 
Charlestown,    U.S.A.,  patented    in    Britain   a   boiler   composed 
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principally  of  vertical  water-tubes,  which  he  had  introduced  in 
America.  This  is  illustrated  in  Fig.  267,  and  is  usually  known  as 
Ward's  Torpedo-boat  Boiler.     This  boiler  is  circular  on  plan, 
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the  casing  being  cylindrical.  At  the  bottom,  and  supported  by 
the  ash-pity  is  a  cast  steel  circular  tube  of  about  4^  inches 
diameter,  forming  a  circle  of  some  three  feet.  Small  branches 
or  seats  are  formed  on  the  top  side  of  this  ring  into  which 
vertical  water-tubes  are  fitted  to  form  two  rows,  placed  zigzag 
on  plan,  surrounding  the  fire.  At  the  top  these  tubes  are  bent 
to  a  quarter  of  a  circle  to  enter  radially  the  shell  of  a  vertical 
cylindrical  steam  drum. 
From  the  bottom  of  this 
steam  drum  three  rows  of 
pendant  tubes  are  lixed,  so 
that  they  hang  slightly  in- 
clined towards  the  vertical 
tubes  outside.  The  lower 
ends  of  these  hanging  tubes 
are  closed  by  caps,  and  each 
tube  has  an  internal  tube  for 
water  circulation.  The  en- 
closing casing  is  of  sheet 
iron,  double,  with  asbestos 
board  between  the  two 
sheets. 

Stirlutg^s  Boiler.  —  The 
boiler  known  as  the  Stirling 
Water-tube  Boiler  was 
patented  in  this  country  by 
A.  Stirling  in  1889  (No. 
1 1413),  further  patents  being 
taken  out  in  1892  (No.  13614) 
and  1895  (No.  13733)-  It  is 
represented  in  Fig.  268,  and 
is  composed  of  vertically 
inclined  water  -  tubes  set 
radially  into  horizontal  chambers  at  each  end  in  the  same 
manner  as  in  the  Rowan  and  Horton  boiler  of  1869. 

The  Stirling  boiler  was  introduced  in  America  and  has  been 
used  hitherto  only  for  land  or  stationary  purposes. 

Similar  designs  have  been  patented  in  this  country  by  J.  Pier- 
point  in  1892  (No.  7039),  and  in  America  by  H.  S.  Pell  on  22nd 
December,  1893. 


FIG.   267. 
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Particulars  of  the  Stirling  water-tube  boilers  used  at  the 
Chicago  Exhibition,  will  be  found  in  The  Engineer^  of  August 
4th,  1893,  p.  no.     As  now  made  by  the  Stirling  Boiler  Co.,  Ltd., 


of  Ediiiburgh  and  Motherwell,  this  boiler  as  adapted  lor  use 
on  land  has  been  modifieed.  Particulars  of  its  latest  form 
will  be  found  in  The  En^i^ineenng  Times'  Record  of  the  Machinery 
in  the  Glast^'ow   International  Exhibition,  in  Feihien's  Magazine 
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A   marine   boiler 
of    development 


for   1901    and    elsewhere.      See   Fig.  269. 
projected    by   this    Company    is    in    course 
also. 

Jardine^s  Boiler. — A  boiler  on  somewhat  similar  lines  was 
patented  by  John  Jardine  in  1896  (No.  5702),  and  is  know^n  as 
the  "  Glasgow  Patent  Water-tube  Boiler." 

In  this  t)oiler  the  vertical  water-tubes  are  connected  with  two 
water  drums  behind  the  furnace,  in  the  same   way  as  in  the 
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Stirling  boiler,  but,  instead  of  its  three  steam  drums  above  placed 
parallel  with  the  water  drum,  in  the  "  Glasgow  "  boiler  there  are 
two  horizontal  steam  drums  placed  at  right  angles  to  the  axis  of 
the  water  drums  below. 

Fig.  270  illustrates  this  boiler,  which  is  manufactvwed  by 
Messrs.  Duncan  Stewart  and  Co.,  Ltd.,  of  Glasgow. 

Peterson* s  Boiler. — The  Peterson- Macdonald  boiler  is  allied  to 
the  three  chamber  type,  but  has  some  distinctive  features.  The 
vertically-inclined  tubes  are  connected  in  groups  or  "  nests  "  of 
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nine  tubes  to  a  steel  box  at  each  end,  and  these  boxes  are  con- 
nected to  the  steam  drum  at  the  top  end  of  the  tubes,  and  to 
branches  from  stand  pipes  at  the  other  end.      These  stand  pipes 


connect  at  each  side  of  the  lire-place  to  small  water  drums  placed 
alongside  the  ashpit. 

Fig.  271  shows  this  boiler  as  so  arranged. 
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FIG.  273 
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Another  form  arranged  as  a  horizontally  inclined  boiler  is 
shown  in  G.  Halliday's  book  on  "  Steam  Boilers,"  p.  334,  from 
which  Fig.  272  is  taken. 

Experience  in  the  manufacture  of  this  boiler  as  originally 
designed  is  said  to  have  shown  that  some  alteration  was 
desirable  in  consequence  of  difficulty  in  readily  altering 
the  angles  of  the  tubes  for  any  small  variation  of  width 
of  fire-grate.  Accordingly,  the  horizontal  form  was  pro- 
posed and  a  later  improvement  upon  that,  w*hich  has  been 
developed  by  Messrs.  Clarke,  Chapman  and  Co.,  Ltd.,  and 
adopted  by  the  Peterson  Water-tube  Boiler  Co.,  is  shown  in 
Fig.  273. 

In  addition  to  a  new  arrangement  of  the  nests  of  tubes,  or  of 
the  "  compound  tubes,"  as  they  are  called,  an  economiser  and 

a  primary  heater,  which  latter 

consists  of  a  serpentine  coil  of 

tube  of  2|  ins.  outside  diameter, 

arranged  on  the  two  wings  of 

the   boiler,   are  added.     Feed 

regulating  valves  are  also  used, 

so  that  the  water  may  be  made 

to    traverse    the    heater    until 

natiu-al  circulation  commences. 

The  water,  heated  first  in  the 

primary  heater  and  then  in  the 

vui.  i74 .  economiser,   is    delivered    into 

the  steam  drum. 

The  patents  for  the   Peterson  boiler   are   dated,    1891   (No- 

18698),  1893  (No.  23577),   1894  (No.  23346),  1895  (No.  17722)' 

and  the  improved  form  1899  (No.  12343). 

Stevenson's  Boila\--G.  Stevenson,  in  1883  (No.  5907),  patented 
an  arrangement  of  vertical  and  vertically  inclined  water-tubes 
fastened  to  the  outside  of  a  cylindrical  water  chamber.  The 
tubes  were  closed  at  the  end  and  each  contained  a  circulating 
tube. 

Yarrow's  Boiler. — A  more  workable  design  having  some  ideas 
in  common  with  Stevenson's,  was  patented  by  A.  F.  Yarrow  in 
1893  (No.  24690).  This  consisted  of  a  cylindrical  water  and 
steam  drum,  from  which  a  number  of  water  tubes  depended 
obliquely,  so  as  to  spread  on  each  side  of  the  fire,  see  Fig.  274. 
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These  tubes  were  closed  at  their  lower  end,  and  each   cx>ntained 
a  circulating  tube  or  partition. 

Thomas  Boiler. — Considerable  improvement  in  this  design  was 
made  by  John  Thorn  in  his  patent  of  1896  (No.  2793).  This  boiler 
is  illustrated  in  Figs.  275  and  276,  from  which  it  will  be  seen  that 
although  it  has,  like  Yarrow's,  tubes,  closed  at  one  end,  depend- 
ing obliquely  from  a  cylindrical  steam  and  water  chamber^  yet 
by  the  ingenious  plan  of  reducing  the  diameter  of  some  of  these 
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tubes  where  they  enter  the  tube  plate,  Mr.  Thom  was  enabled  to 
arrange  them  in  contact  to  form  water  walls,  dividing  the  furnace 
space  for  two  fires  and  constructing  combustion  chambers  and 
flues,  almost  at  will.  This  boiler  has  been  successfully  intro- 
duced by  Mr.  Thom,  for  use  in  both  marine  and  land  work. 

Phillips*  Boiler — Another  boiler  of  the  same  class  has  been 
proposed  by  H.  F.  Phillips. 

The  earlier  form  of  this  boiler,  which  does  not  seem  to  have 
been  patented,  is  shown  in  Fig.  277,  from  G.  Halliday's  "  Steam 
Boilers  "  (pp.  336,  337).     In  this  form,  the  tubes  were  spread  out 
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to  form  five  rows  of  equal  length, 
on  each  side  of  a  single  fire-place. 
The  outer  tubes  were  contracted 
at  their  lower  ends  to  receive  a 
plug  containing  a  small  blow-off 
valve,  and  the  inner  tubes  rested  on 
the  plug  and  had  holes  cut  in  their 
sides  and  on  the  bottom  edge  to  per- 
mit of  water  circulation  (Fig.  277 a). 
In  the  later  form  of  the  Phillips' 
I'oiler,  shown  in  Fig.  278,  which 
was  patented  in  1898  (No.  8814), 
FUi.  277A.  the    pendent    tubes   are  arranged 

to  form  spaces  for  ihve  fire-places 
with  a  double  row  of  tubes  between  each  of  them,  and  on  the 
two  outside  Hanks  of  the  boiler,  j>even  rows  of  tubes.     The  idea 
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of  this  arrangement  is  to  have  as  large  a  proportion  of  the 
heating  surface  as  possible  under  the  influence  of  the  radiant 
heat  of  the  tires.  There  is,  of  course,  perfect  freedom  of 
expansion  and  contraction  in  the  tubes  of  this  class  of  boiler, 
so  that  it  avoids  many  strains  in  working.  This  form  of  the 
PhiUips  boiler  is  stated  to  have  performed  well  on  test,  although 


the  rate  of  evaporation  per  square  foot  of  heating  surface  was 
8*  1 5  lbs.  of  water  at  250  lbs.  per  square  inch  pressure  of  steam, 
and  81  lbs.  water  per  lb.  of  coal  from  and  at  212°  F.,  which 
cannot  be  called  a  high  rate  for  a  water-tube  boiler. 

Hciythoni    Boiler. — The     Haylliorn    boiler    was    patented  in 
1894  (Xos.  Q570  and  12846).      In    it  tht-  water-tubes  are  verticiil 
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at  starting  from  the  lowest  point,  and,  after  following  an  easy 
curve,  finish  off  at  an  incline  above  the  horizontal.  The 
tubes  are  connected  to  headers  at  each  end  ;  the  lower  headers 
being  laid  side  by  side  behind  the  Hre-grate,  in  the  line  of 
fire   bars,   and   the   upper   headers   at   the   boiler  front   inside 


KIC.    279. 


the  casing.  Each  pair  of  headers  (the  upper  and  lower) 
provides  for  a  double  row  of  water-tubes,  and  either  one  or  two 
larger  tubes  which  are  on  the  outside  of  all  and  act  as  down- 
comers.  The  portion  of  the  front  headers  to  which  the 
downcomer  tubes  are  attached  is  enlarged  to  form  a  separate 
passage   for   the    water,   the    upward    steam   passage  being   in 
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front.  A  cylindrical  drum  is  placed  across  the  boiler  front, 
and  is  connected  by  flanges  to  the  tops  of  the  front  headers.  As 
first  made,  the  Haythorn  boiler  was  as  illustrated  in  Euginecr)n^, 
Vol.  Ix.,  page  680,  whilst  in  Fig.  279  the  latest  form  is 
shown  as  arranged  for  marine  use.  The  water  level  is  at 
about  the  centre  of  the  cylinJrical  drum,  into  which  the 
feed  is  delivered,  whilst  a  door  for  clearing-  out  mud  and 
a  blow-off  cock  are  provided  at  the  lowest  point  of  the  back 
headers  below  the  downcomers.  Formerly  fire  bricks  were 
used  as  baffle  plates,  but  in  the  recent  form  these  are  abolished, 
and  the  tubes  are  laid  together  where  wanted  to  form  water 
walls. 

The  boilers  patented  by  Galloway  and  Wilson,  1861  (So. 
1948),  William  Inglis,  1862  (No.  3307),  and  J.  T.  Romminger, 
1865  (No.  771)  may  be  classed  with  vertical  water- tube  boilers, 
as  also  the  designs  patented  by  the  author  in  1894  (No. 
8170).  Of  modifications  of  the  vertical  design  the  one  proposed 
by  Shepherd  in  1873  (^'o-  1849),  and  1877  (No.  1699)  is, 
perhaps,  the  only  one  requiring  notice. 

ShephcnVs  Boiler.— This  boiler  is  illustrated  by  Fig.  280. 
and  was  composed  of  vertical  vessels,  partly  cylindrical  and 
partly  conical  in  shape,  se*  in  two  or  three  rows,  with  horizontal 
cylinders  or  large  tubes  below,  into  which  the  feed  entered.  A 
certain  portion  of  the  cylindrical  uppef  part  of  the  vertical 
vessels  was  used  as  steam  space,  and  a  steam  pipe  connected  all 
these  vessels  by  vertical,  branches  from  their  domed  tops 
at  the  centre. 

Coil  Boilets, — At  an  early  date  various  forms  of  coiled  tube 
boilers  were  proposed,  probably  because  a  considerable  area 
of  heating  surface,  without  the  trouble  of  making  many 
joints,  could  be  obtained  within  a  small  space.  Fitch  and  Voight 
and  James  Rumsey  were  the  first  to  bring  forward  this  design, 
and  they  were  soon  followed  by^  Seaward  and  Paul,  who 
used  forms  of  coils  in  the  construction  of  their  **  flash  "  boilers. 
(See  pp.  361 — 362  ante). 

Gurney^s  Boiler. — Goldsworthy  Gurney  in  1825  (No.  5270) 
and  in  1827  (No.  5554)  patented  two  forms  of  water-tube 
boilers,  the  first  having  been  the  one  already  referred  to 
(p.  458),  whilst  the  second  was  more  properly  a  coil  boiler. 
It   has   been   represented    by    Fig.   281,   which   was  the  form 
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ultimately  adopted  for  this  boiler  in  connection  with  the  historic 
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introduction   of   steam   automobilism   in    the   early  part  of  the 
19th   centurv.       An    earlier   form   of   this    boiler   is   shown   in 
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Fig.  282,  which  is  evidently  less  suitable  for  the  confined  space 
of  a  motor  vehicle. 


■ialf'      plan 


J.  Ravve  and  J.  Boase  followed  in  1830  (No.  5956)  with  a 
boiler  composed  of  a  series  of  helical  coils  of  tubes,  but  of 
its  use  we  have  no  record. 
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Dance  ami  FieUrs  Boiler. — The  Ixjilcr  of  Dance  and  Field, 
1833  (Xo.  6465),  was,  however,  introduced  in  motor-car 
work,  and  seems  to  have  done  its  work  fairly  well.  It  is  shown 
in  Fig.  283  as  constructed  by  Messrs.  Maudslay  and  Field   for 


Kic;.  283. 

the   steam   motor    which    ran   from    London    to  Reading  and 
back,  towing  an  omnibus  full  of  passengers. 

One  of  W.  H.  James'  patents,  viz.,  the  one  for  1855 
(No.  1998)  was  for  a  coiled  tube  boiler,  but  excepting  the 
Belleville    designs    of     1852    and    1856    (already    mentioned) 
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there  was  no  coil  boiler  of  importance  brought  out  for 
many  years.  The  following  are  the  principal  patents  for 
coil  boilers  :— W.  Morgan,  1838  (No.  7848),  J.  T.  Beale. 
1840   (No.  8564),   Belleville,  1852    and    1856,  W.  E.    Newton. 

1854  (No.   1361),  J.  H.  Johnson,  1855   (No.  223),  M.   F.  Isoard, 

1855  (No.  1637),  J.  A.  Hopkinson,  1858  (No.  2558),  G. 
Scott,  1858  (No.  565)  and  1839  (No.  2317),  S.  S.  Bateson, 
i860  (No.  480). 

Matheson's   Boiler. — Some  of    these    inventors    make   use     of 
spiral  coils,  but  the  most  simple  application  of  this  device   is 

found  in  the  boiler  patented 
by  H.  Matheson  in  186 1 
(No.  94),  which  is  repre- 
sented in  Fig.  284,  as  illus- 
trated by  Mr.  Thornycroft 
in  Min.  Pro.  Inst.,  C.E. 
Vol.  xcix.  Plate  i.  Fig.  7. 
Although  this  boiler  appa- 
rently provides  for  con- 
tinuous and  systematic  cir- 
culation of  the  water  in  one 
direction,  the  danger  of  this 
and  of  all  similar  arrange- 
ments is  that  a  rapid  gene- 
ration of  steam  in  the  water 
supply  pipe  to  the  coil  (or 
the  lowest  branch  of  the 
coil),  which  is  exposed  to 
the  direct  heat  of  the  fire, 
would  probably  cause  an 
interruption  of  the  circulation  on  account  of  that  steam  seeking 
the  readiest  means  of  escape,  some  of  it  preferring  to  go  up 
through  the  water  chamber  rather  than  by  the  longer  and  more 
tortuous  road  provided  by  the  spiral.  Such  action  has  happened 
in  several  water^tube  boilers  nf  different  designs,  and  the 
immediate  overheating  of  the  tubes  or  chambers  has  made  the 
re-entry  of  water  all  the  more  difficult,  so  that  damage  has  nearly 
always  resulted.  (See,  for  example,  Griffiths'  boiler,  p.  374  ante.) 
J^ohn  Ehiei^s  Boiler. — This  action  was  evidently  anticipated 
in   such    a   boiler    by   the    late    John    Elder,    whose  patent  of 
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1862  (No.  1214),  for  a  practically  similar  design  to  that  of 
Matheson,  provides  for  the  introduction  in  the  upper  branch 
from  the  coil  of  a  revolving  screw  to  propel  the  water  down- 
V^ards  through  the  coil.  This  arrangement  is  shown  diagram- 
matically  in  Fig.  285,  which  is  taken  from  Mr.  G.  Halliday's 
"  Steam  Boilers." 

The  patents  of  H.  Chamber- 
lain, 1863  (No.  38),  G.  T. 
Bousfifeld,.  1866  (No;  1913), 
P.  J.  Ravel,  1868   (No.  3479), 

C.  Tyson,  18^7* '(No.  4811), 
E.T.  Hughes,  1^77  (No.  4881), 

D.  Clerk,  1879  (No.  2423),  and 
W.  H.  Northcott,  1880  (No. 
3176),  call  for  no  special  de- 
scription. 

Ward's  Boiler.— C,  Ward's 
patent  of  1879  (No.  4074)  was 
for  the  coil  boiler,  which  he 
commenced  to  introduce  into 
marine  practice  in  America  in 
1877.  This  boiler  is  composed 
of  a  central  vertical  drum  or 
cylindrical  chamber,  which  has 
a  horizontal  branch  at  two- 
thirds  of  its  height,  and  branch 
pipes  connecting  with  t\V3 
horizontal  cylindrical  chests  or 
branches  on  the  floor  Une. 
From  these  lower  branches 
vertical  stand  pipes  or  "  water- 
legs"  rise,  those  under  the  upper 
branch  connecting  directly  with  it,  whilst  those  on  the  other  side 
of  the  central  chamber  have  their  top  ends  closed  by  plugs. 
From  each  side  of  these  stand  pipes  semi-circular  "  coils  "  of 
tubes  proceed,  so  as  to  form  a  number  of  concentric  circles 
around  the  central  chamber.  These  circular  water-tubes  are 
laid  at  a  sHght  angle  from  the  horizontal,  so  that  the  flow  of 
steam  will  be  towards  the  stand  pipes,  which  are  connected  with 
the  top  branch  to  the  central  drum.     The  feed  water  is  delivered 
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into  the  central  drum,  in  which  it  descends  to  the  bottom 
branches  and  ascends  by  the  vertical  stand  pi|>es,  thus  supplying 
the  '*  coils.'*  Figs.  286  and  287  show  this  boiler,  which  was 
fully  described  by  Mr.  Ward  at  the  International  Enfjineering 


FIG.   286. 


Congress  in  1893.  (Proceedings,  Vol.  ii.  p.  8).  Another  form 
of  Mr.  Ward's  coil  boiler,  which  he  calls  his  "  Launch  *' 
boiler,  has  the  equivalent  of  the  stand  pipes  in  a  horizontal  posi- 
tion, and  the  coil  tubes  proceeding  in  a  vertical  direction  from 
them. 
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FIG.  287. 


480 


THE  PRACTICAL  PHYSICS  OF 


Herreshoff^s  Boiler. — Herreshoff' s  coil  boiler  was  brought  out  in 
America  in  1877.  It  is  formed  of  an  inner  and  an  outer  coil — the 
outer  one  being  of  comparatively  small  diameter  tube — laid 
together  to  form  the  vertical  cylindrical  sides  and  flat  top  of  the 
boiler  casing.  The  inner  coil  has  a  slightly  conical  outline,  the 
tube  increasing  in  diameter  as  the  coils  descend  towards  the  fire. 
The  layers  of  tube  are  not  placed  close  together,  so  that  the 


gases  can  escape  between  them.  The  feed  water  is  introduced 
at  the  lowest  point  of  the  outer  coil,  and  traversing  this  is  intro- 
duced into  the  top  of  the  inner  coil,  through  which  it  traverses 
downwards,  the  steam  and  water  being  delivered  into  a  vertical 
separator  cylinder  standing  alongside  the  boiler  casing.  Fig.  288 
illustrates  this  boiler.  A  later  form  of  Herreshoff's  boiler,  which 
is  formed  on  the  type  of  the  Belleville  boiler,  with  flattened 
coil,  composed  of  horizontal  tubes  with  semi-cjrguli^r  bends— 
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all  being  exposed  to  heat — is  illustrated  by  Mr.  Ward,  in  his 
paper  on  Tubulous  or  Coil  Boilers  in  Vol.  ii.,  Proceedings  of  the 
International  Engineering  Congress,  plate  xiv.  The  British  patent 
for  the  Herreshoff  boiler  was  taken  out  in  1876  (No.  4271).  It  was 
owned  and  worked  in  this  country  by  Mr.  G.  R.  Dunell,  who 
obtained  a  trial  order  for  it  from  the  British  Admiralty.  Fig.  289 
shows  the  form  of  boiler  finally  adopted  by  Mr.  Dunell  and  the 
Herreshoff  Manufacturing  Co.,  and  interesting  details  connected 
with  the  history  and  performance  of  the  boiler  will  be  found  in 
"  Recent  Practice  in  Marine  Engineering,"  by  W.  H.  Maw,  Vol.  i. 
(Text),  p.  280,  and  in  a  "  Report  gf  a  Board  of  U.S.  Naval 
Engineers  on  the  Herreshoff  system  in  the  steam  yacht  Leila/^ 
made  to  the  Bureau  of  Steam  Engineering  of  the  U.S.  Navy  in 
1881. 

ThoinycrofVs  Boiler. — A  coil  boiler  was  patented  by  J.  I. 
Thornycroft  in  1882  (No.  2102),  and  was  referred  to  by  him 
in  his  paper  '*  On  Water-tube  Boilers"  in  Min.  Proc.  Inst.  C.E., 
Vol.  xcix,  and  by  Mr.  Ward,  in  the  paper  above  quoted,  as 
having  been  fitted  in  the  Congo  Mission  steamer  Peace,  Fig.  290 
illustrates  this  boiler,  and  that  this  is  rightly  called  a  coil  boiler 
is  proved  by  Mr.  Thornycroft's  patent,  which  is  for  a  "  coiled 
water-tube  boiler."  In  the  light  of  this  it  is  difficult  to  under- 
stand Mr.  Thornycroft's  remark  on  it  in  Trans.  Inst.  Engineers 
and  Shipbuilders  in  Scotland,  Vol.  xh.,  p.  74. 

There  are  several  other  patents  for  boilers  constructed  of 
coiled  tubes,  but  none  of  these,  excepting  the  De  Laval  boiler 
mentioned  later,  have  come  prominently  forward,  nor  do  they 
illustrate  any  new  features.  The  only  ones  which  merit  a  more 
particular  notice  are  those  of  T.  Craddock,  1884  (No.  5131),  and 
of  O.  Lilienthal  and  W.  Bashall,  1886  (No.  8322)  and  1887  (No. 
16555).  ^^^  ^^^  former  of  these  two  coils  were  used  and  the  hot 
gases  were  led  down  between  the  inner  and  outer  coils  before 
being  allowed  to  escape.  In  the  latter,  the  coil  was  used  to  hold 
the  fuel  as  in  a  gas-producer. 

Cellular  Boilers. — In  the  absence  of  an  extended  manufacture 
of  reliable  tubes,  it  was  natural  that  in  early  days  there  should 
be  several  attempts  to  construct  sectional  boilers  with  a  series  of 
cells  or  small  chambers.  Where,  however,  intricate  smithing  and 
riveting  were  not  resorted  to,  it  is  evident  that  bolts  must  be  used 
to  hold  the  parts  together,  and  this  feature,  with  the  numerous 
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attendant  joints  as   sources   of   leakage,   necessarily    operated 
against  the  success  of  such  boilers. 
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Teissier's  Boilers, — ^The  patent  of  J.  A.  Teissier,  1825  (No.  5251), 
contains  what  may  be  considered  the  first  design  of  such  a 
):)oiler,  although  James  Rumsey   mentions  a   cellular  form   of 
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boiler  amongst  his  other  plans.  Along  with  the  narrow  chambers 
with  flat  sides  and  roofs  in  Teissier's  boiler,  there  was  the 
notable  feature  of  cylindrical  baskets  or  cages  in  which  the  fuel 
was  placed,  'these  being  real  water  grates,  and  having  the 
general  design  of  such  later  boilers  as  those  of  Seabur^-  and 
others  already  mentioned. 

Hancock^ s  Boilers. — Walter  Hancock  took  out  at  least  three 
patents  for  cellular  forms  of  boilers  in  1827  (No.  5514),  1833 
(No.  6364),  and  1839  (No.  7990).  These  in  the  main  resulted  in 
his  constructing  the  boiler  illustrated  in  Fig.  291  which  was  used 


in  the  steam  omnibuses  of  which  he  was  the  pioneer.  This 
boiler  was  formed  of  a  number  of  narrow  chambers  set  up  on 
edge  side  by  side  and  clamped  together  by  means  of  strong  out- 
side plates  with  bearers  and  tie-rods.  Projections  on  the  sides 
of  the  chambers  caused  spaces  to  be  formed  between  each  pair 
of  chambers  through  which  spaces  the  hot  gases  were  passed. 
Larger  projections  w-ere  also  formed  by  hammering  the  plates 
into  dies/  which  formed  the   top  and  bottom  transverse  com- 

*  See  '*  Reminiscences  ol  Steam  Locomution  on  Common  Roads,"  by  Sir  F. 
Bramwell,  British  Association  Oxford.  1894.  Efighnrr,  17  Aug!,  1894, 
p.  152,  etc. 
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munication  between  the  chambers.  A  similar  construction  was 
patented  by  Wm.  Church  in  1835  (No.  6791),  but  this  was 
evidently  not  the  boiler  used  by  Church  in  his  coach  (see  ante, 

P-  4^4)- 

Thomas  Brunton  in  1831  (No.  6106),  and  J.  McCurdy  in  1835 
(No.  6819),  both  patented  cellular  forms  which  might  be  used  as 
heaters  connected  with  a  larger  vessel  or  *'  boiler." 

Anderson^s  Boiler. — E.  H.  Collier,  1836  (No.  7145),  and  Sir 
J.  C.  Anderson,  1837  (No.  7407),  and  1846  (No.  11273)  also 
followed  with  designs  of  boilers  composed  of  flat  leaves  or  cells, 
alt  these  being  coupled  as  to  water  and  steam  in  parallel,  although 
the  gases  had  to  pass,  in  some  cases,  over  the  surface  of  the 
cells  in  rotation. 

McCurdy's  Boiler.—].  McCurdy's  patent  of  1838  (No.  7890), 
however,  provided  for  the  coupling  of  the  leaves  in  series  for 
the  flow  of  the  water.  He  gives  minute  details  of  the  dimen- 
sions and  performance  of  this  boiler. 

Zander's  Boiler. — H.  Zander  in  1839  (No.  81 11)  patented  a 
cellular  boiler  made  of  cast  iron,  in  which  he  has  been  followed 
by  the  Harrison  and  the  Exeter  Boilers,  both  of  which  are 
properly  cellular  boilers.  James  Johnstone,  1843  (No.  9706)  ; 
Chas.  Cowper,  1853  (^'^-  1247)  ;  and  A.  V.  Newton,  1853  (^^O- 
2188),  also  add  to  the  list  of  designs  of  this  class,  but  not  of 
those  which  were  used. 

Lamb  and  Summer's  Boilers. — The  boiler  patented  by  Andrew 
Lamb  and  W.  A.  Summers,  1848  (No.  12362),  1858  (No.  2815), 
and  1859  (No.  2143),  although  of  the  tank  or  box  design,  is 
interesting  from  the  cellular  form  given  to  the  return  flues  or 
passages.  The  construction  of  these  cellular  passages  is  shown 
in  Fig.  292.  This  boiler  was  at  one  time  used  to  some  extent 
in  steamships.' 

Rowan  and  Morton's  Boiler. — In  the  patent  boilers  of  J.  M. 
Rowan  and  T.  R.  Horton,  1858  (No,  856),  i860  (No.  332),  a 
somewhat  similar  form  of  openings  or  passages  was  combined 
with  flat  leaves  or  cells  which  contained  water.  In  addition  to 
these  vertical  openings  there  were  vertical  or  horizontal  tubes 
passing  through  the  water  spaces,  which  tubes  were  used  for 
conducting  the   hot  gases,  or   sometimes   as   water-tubes,  and 

*  See  Proc.  Inst.  Mech.  Eng.     1851.    p.  9. 
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thus  adding  to  the  area  of  heating  surface.  The  cellular 
openings  were  made  by  bending  and  welding  double-angle 
or  channel  iron,  and  not,  as  in  Lamb  and  Summer's  boilers, 
by  rivetting  a  U-shaped  piece  of  plate  to  the  sides  of  the 
openings. 

This  boiler  is  illustrated  in  Figs.  293,  293B.  It  had  for  about 
1 2  years  a  very  successful  employment  in  steamers,  of  which  some 
particulars  are  given  in  Chap.  IX.,  but  the  cost  of  construction 
caused  it  to  give  way  to  forms  made  almost  wholly  of  tubes  (see 
p.  431  ante)  as  soon  as  tubes  were  manufactured  of  such  quality 
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as  would  enable  them  to  stand  high  pressures  of  steam  in  water- 
tube  boilers.  The  boiler  of  H.  Gourlay  and  E.  Kemp,  i860 
Xo.  779),  to  some  extent  resembled  the  Rowan  and  Horton 
Boiler,  and  on  this  account  it  was  not  proceeded  with.  The 
patents  of  T.  W.  Miller,  i860  (No.  1396)  ;  G.  Davies,  i860  (No. 
3008)  ;  \V.  H.  James,  1862  (No.  3081)  ;  J.  H.  Johnson,  1865 
(No.  2610)  ;  J.  Bernard,  1866  (No.  1410)  ;  C.  L.  Carville,  1867 
(No.  1637)  ;  J.  Witherspoon,  1884  (No.  4657),  for  cellular 
forms  of  boilers,  demand  no  further  notice.  In  fact  the  day  for 
this  class  of  designs  may  be  said  to  have  passed  aWay,  except  for 
some  special  application,  such  as  the  small  generators  required 
for  motor-vehicles. 
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,  Panhard  and  Levassor's  Boilers. — The  cellular  boiler  patented 
by  R.  Panhard  and  E.  Levassor,  1887  (No.  16903),  has  been 
used  for  this  purpose,  as  well  as  others  of  different  design, 
such  as  Serpollet's,  Thornycroft's,  Simpson  and  Bodman's,  and 
De  Laval's. 

Revolving  Boilets, — ^The  varieties  of  designs  in  which  the 
steam-generating  portion  of  a  boiler  is  caused  to  revolve  in  a 
furnace  date  from  1825,  in  which  year  J.  Thompson  and  J.  Ban* 
(No.  5192)  proposed  such  a  design  of  boiler.    They  were  followed 


FIG.   294, 


by  W.  T.  Yates  in  1834  (^"o-  6547),  G.  Duncan  in  1853  (No. 
502),  D.  Dunn  in  1855  (No.  1223),  G.  Scott  in  1857  (No.  2585), 
this  being  a  coil  of  tubes  and  not  a  cylindrical  chamber  which 
was  made  to  revolve,  Dr.  F.  Grimaldi  in  i860  (No.  1927)  and 
1861  (Nos.  1641  and  3207),  J.  H.  Johnson  in  1865  (No.  607),  and 
the  Pierce  boiler,  which  was  introduced  in  America  and  was 
amongst  the  boilers  submitted  to  systematic  tests  at  the  Inter- 
national Exhibition  in  Philadelphia  in  1876. 

Pierce  Boiler, — This  boiler  is  illustrated  in  Fig.  294,  and  some 
of  the  results  of  its  tests  will  be  found  in  the  tables  in  Chap.  IX. 

The  most  recent  proposals  in  this  direction  seem  to  be  those 
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of  R.  Heber  Radford  in  1892  (No.  153),  and  A.  J.  Boult,  1893 
(No.  12059). 

Porcupine  Boilers. — A  small  class  of  boilers  has  received  the 
name  of  "  porcupine  boilers  "  from  the  peculiarity  of  their  form 
or  appearance.  They  consist  generally  of  a  centra!  chamber 
from  which  cones  or  tubes  project  radially  in  all  directions. 
Sometimes  the  tubes  have  the  straight  form  of  Perkins'  pendant 
tubes  placed  horizontally  with  an  internal  circulation  tube, 
though  in  other  cases  the  internal  tube  is  absent.  In  some 
cases  the  tubes  are  bent  to  form  a  series  of  loops  all  round  the 
central  chamber. 

Gibbs'  Boiler, — The  earliest  of  these  is  that  of  the  patent  of 
Jos.  Gibbs  and  A.  Applegarth  in  1832  (No.  6318)  in  which  cones 
were  used  to  project  into  the  flue  space  in  order  to  increase  the 
heating  surface. 

Joseph  Barrans  in  1852  (No.  41)  also  proposed  to  have  cup- 
shaped  projections  or  deep  corrugations  in  the  plates  of  his  fire 
box,  and  Henry  Bougleux,  1856  (No.  2793),  and  1857  (No.  50), 
repeated  the  same  idea,  making  his  projections,  however,  more 
of  the  shape  of  a  thimble,  and  in  some  cases  piercing  them  by  a 
tube  for  the  products  of  combustion. 

Fletcher's  ''  Thimble''  Boiler,— H.  A,  Fletcher  in  1869  (No.  998) 
patented  a  boiler  of  this  class  which  was  described  and  illustrated 
in  Engiueeringf  Vol.  viii.,  p.  38. 

W.  Clark  (for  M.  Hervier),  1882  (No.  4669),  and  E.  S.  T. 
Kennedy,  in  1885  (Nos.  1273,  5768,  13800),  1886  (No.  12282), 
1887  (No.  1 1673),  and  1888  (Nos.  7065,  12780),  repeat  the 
design,  whilst  A.  M.  Clark,  1883  (No.  264)  has  a  modification  of 
it  with  a  number  of  bent  tubes  forming  radial  loops  from  the 
central  chamber. 

The  most  complete  examples  of  the  system  are  E.  S.  T. 
Kennedy's  patent  of  1893  (No.  3486) ;  the  Minerva  and 
Hazleton  boilers  brought  out  in  America  and  the  "CHmax" 
boiler,  also  an  American  invention,  but  now  manufactured  in 
England. 

Hazleton  Boilers, — There  are  two  forms  of  the  Hazleton  boiler 
manufactured  in  America,  one  called  the  Hazleton  Tripod  boiler, 
made  by  a  Company  of  that  name  in  Chicago,  and  the  other 
called  the  Hazleton  boiler,  made  by  its  Company  in  New  York. 
There  is  not  much  difference  between  the  designs  and  Fig.  295 
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will  suffice  to  illustrate  both.  The  "  porcupine  "  tubes  which 
project  horizontally,  from  the  vertical  stand-pipe  chamber  have 
no  internal  circulating  tubes.  The  difference  between  the  two 
"  Hazleton"  boilers  consists  merely  in  details — the  "Tripod^* 
boiler  having  a  branch  man-hole  leg  near  the  bottom  of  the 


FIG.   295. 


central  chamber  and  three  shorter  branches,  like  enlarged 
"  porcupine "  tubes  near  the  top,  with  a  steam  and  water 
separator  in  a  part  of  the  central  chamber  projecting  above  the 
tubes.  The  Hazleton  boiler  illustrated  shows  the  more  simple 
construction. 
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Mineri'a  Boiler. — In  the  case  of  the  Miner\a  boiler  shown  in 
Fig.  296  each  of  the  horizontal  porcupine  tubes  has  an  internal 
circulating  tube  which  projects  from  an  inner  shell  in  the  central 
vertical  chamber,  but  it  seems  apparent  that  in  this  boiler  these 
internal  tubes  are  used  for  conducting  the  steam  into  the  central 
inner  chamber,  whilst  the  water  enters  from  the  outer  division 
of  that  chamber  to  the  larger  porcupine  tubes.     This  cannot  be 


Fir,.  296. 


SO  good  an  arrangement  as  that  which  uses  the  inner  tube  for 
water,  and  allows  the  steam  to  escape  from  the  mouth  of  the 
outer  tube  in  which  it  is  generated.  The  vertical  chamber  of 
the  Minerva  boiler  is  also  divided  by  horizontal  partitions  to 
form  a  water  chamber,  in  which  the  feed  enters,  above  the 
steam  space.  This  presents  water  to  the  escaping  gases  which 
may  thus  be  cooled  down  below  the  temperature  of  the  steam. 
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The  steam  pipe  can  also  be  placed  at  a  more  convenient  height 
than  the  top  of  the  boiler.  All  the  water  in  the  top  chamber 
can  be  discharged  into  the  bottom  chamber  almost  instantane- 
ously by  opening  two  valves  on  a  special  pipe. 

Climax  Boiler. — The  Morrin  **  Climax  "  boiler  has  a  central 
vertical  cylinder  with  radial  loop-shaped  tubes  projecting  from 
its  sides  round  its  complete  diameter,  these  tubes  being  placed 
each  at  a  slight  inclination  so  that  one  end  enters  the  cylinder 
at  a  higher  level  than  the  other  in  order  to  favour  circulation. 
Diaphragm  plates  are  int;roduced  near  the  top  of  the  cylinder  in 


order  to  cause  the  steam  to  pass  through  several  layers  of  the 
radial  tubes  on  its  way  to  the  steam  dome,  and  thus  to  dry  and 
partially  superheat  it.  Above  the  radial  tubes  a  coil  is  placed  in 
order  to  heat  the  incoming  feed  water.  Figs.  297  and  298 
illustrate  this  boiler  and  fully  demonstrate  its  mode  of  construc- 
tion and  the  manner  in  which  the  looped  tubes  are  arranged. 
This  boiler  was  patented  by  T.  F.  Morrin,  of  New  Jersey,  in  1884 
and  subsequent  years,  and  the  manufacture  of  it  in  Britain 
is  in  the  hands  of  Messrs.  B.  R.  Rowland  and  Co.,  Limited,  of 
Manchester. 

Miscellaneous  Designs. — There    are   some   designs   which   for 
various  reasons  are  more  suitably  considered  apart  from   the 
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classes  which  embrace  a  number  of  boilers  which  have  approxi- 
mately the  same  general  features,  than  as  taking  a  place  amongst 


FIG.  298. 


S*i^li  ^^^  f°"o^'"g  examples  seem  to  be  the  most  deserving 
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In  1836  (Nos.  7059,  7242)  Jacob  Perkins  patented  a  boiler  in 
which  straight  tubes,  hermetically  sealed  at  both  ends,  and  con- 
taining a  small  quantity  of  water  amounting  to  about  j  g^croth  part 
of  their  capacity,  projected  at  their  lower  ends  into  the  combus- 
tion space  and  at  their  upper  ends  into  the  water  in  a  boiler. 
The  small  quantity  of  water  in  these  tubes  was  rapidly  trans- 
formed into  steam  of  high  pressure,  and  transmitted  heat  into 
the  water  in  which  their  upper  ends  rested.  In  the  later  patent 
he  carried  these  tubes  through  the  boiler  and  used  them  as 
stays  or  tie-bolts.  A  modification  of  this  plan  was  patented  by 
A.  M.  Perkins  in  1855  (No.  2755)  '^^  which  horizontal  parallel 
coils  were  used,  instead  of 
the  straight  tubes  for  the 
water  heaters.  This  plan 
was  repeated  by  Long- 
bottom  and  Longmaid  in 
1856  (No.  220).  There  was 
not  much  to  recommend  it 
as  a  boiler  design,  but  it  was 
afterwards  utilised  by  Jacob 
and  A.  M.  Perkins  in  the 
construction  of  military  field 
bakers'  ovens,  and  it  has 
been  re-patented  by  Fraser, 
Harris,  and  Perkins  in  1893 
(No.  1206),  and  by  E.  Herz, 
1893  (No.  1467),  and  others. 

Roberts  and  Almy  Boilers. 
— ^Two    designs,   which    to 

some  extent  resemble  each  other,  are  those  of  the  Roberts  Boiler 
and  the  Almy  Boiler,  both  brought  out  in  America. 

The  Roberts  Boiler  is  shown  by  Figs.  299,  300,  and  301.  It 
is  composed  of  a  frame,  formed  by  downcomer  tubes  from  the 
central  steam  drum  to  the  lower  water  pipes  or  drums,  as  shown 
in  Fig.  299.  Within  this  frame  a  number  of  flat  coils  of 
generating  or  "upflow"  tubes  are  placed,  with  a  vertical  position 
starting  from  the  water  pipes  and  forming  the  sides  of  the  furnace. 
These  are  shown  in  position  in  Fig.  300.  In  addition  to  these, 
super-heating  and  feed-heating  coils  are  placed  above  these  coils 
on  each  side  of  the  steam  drum  and  on  the  outside  of  the  boiler 


FIG.  299. 
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on  the  two  sides  as  shown  in  Fig.  301.     A  casing  envelopes  the 

whole.     This  boiler  was  introduced  in  America  by   Mr.  C.  E. 

Roberts  in  1879,  which  date 
shows  that  Mr.  Rol>erts  was 
not,  as  he  claimed.'  '*  the 
lirst  inventor  of  boilers  in- 
volving an  upper  steam  and 
water  drum  and  two  lower 
water  drums  at  each  side  of 
the  tire,  connected  by  dovvn- 
tlow  pipes."  P'ig.  302  illus- 
trates the  boiler  made  by  the 
Almy  Water-tube  Boiler  Co., 
of  Providence,  New  York, 
which  bears  a  certain 
amount  of  resemblance  to 
the  Roberts  Boiler. 
^,^    ^^^  SerpoUet  Boiler. —  Patents 

were  taken  out  in  Britain  by 

Serpollet   Frercs  et  Cie.  in  1880  (No.  1067),   1887  (Xo.  14710), 

1889   (No.  5197),   1890   (Xo.   12164),  and    1894  (No.  997),  for 

different  forms  of  Hash  boilers, 

the  last  being  the  form  adopted 

in  France  for  use  in  their  steam 

automobiles.       This    boiler    is 

formed  of   tubes   having  con- 
siderable   thickness   of    metal, 

with  a  very  small,  or ''  capillary  " 

passage  for  the  water  or  steam. 

In  one  form  these  tubes  were 

flat   in    section    and  bent   into 

a    coil     shape     as    shown    in 

Fig.  303- 

A  later  form,  however,  has 
the  tubes  straight,  but  of  a 
horseshoe   section,   giving   the 

capillary  space   a   crescent  form,  except  at   their  ends,  which 
are   left   round   in    order  to  make  connection  with  the  bends. 

^  Proc.  Internat.  En^iineiTin/:;  Con^jiess,  Chicago.  1893,  Vol.  ii.,  p.  74. 
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This  design  is  shown  in  Fig.  304.  Through  the  small  passages 
or  slits  in  the  pipes  water  is  forced  and,  the  quantity  being 
so  small  in  relation  to  the  mass  of  metal  which  retains  a 
considerable  amount  of  heat,  the  water  is  almost  instan- 
taneously Hashed  into  steam,  which  is  superheated  by  further 
passage   through   the  heated  tubes.      By   varying   the   rate   at 


FIG.  302. 


which  water  is  forced  in,  the  quantity  of  steam  produced  can 
be  altered  at  will.  The  tubes  are  made  of  steel  and  are  tested 
to  200  atmospheres,  the  working  pressure  of  the  boiler  being 
about  350  lbs.  per  sq.  inch.  It  is  sometimes  urged  against  this 
system  that  the  high  temperature  to  which  the  tubes  are  exposed 
causes  comparatively  rapid  oxidation  and  that  cleaning  the 
narrow  passages  by  means  of  the  use  of  an  acid   solution  has  to 

KK 
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be  resorted  to,  but  it  does  not  appear  on  what  records  this 
objection  is  founded. 


FIG.  303. 

Thontycrofl  Boiler. — A  modified  form  of  Thomycroft  Boiler, 
which  has  been  used  by  the  inventor  for  steam  automobiles,  was 
patented  in  1894  (No.  18,838).  A  some- 
what similar  design  is  illustrated  in  Ber- 
tin  and  Robertson's  "  Marine  Boilers  " 
(page  314)  and  is  ascribed  to  Leblond 
and  Caville  (1896),  and  it  is  not  unlike 
the  stationary  boiler  of  Rowan  and 
Horton's  patent  of  1869.  Leblond  and 
Cavillers  British  patent  is  dated  1895 
(No.  9444). 

De  Lavals^  Boiler. — Some  particulars 
of  an  interesting  boiler  invented  by 
Dr.  de  Lavals,  of  Stockholm,  have 
appeared   in  the  Electrical  Engineer  of  fig.  304. 
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New  York  (November  nth,  1897),  and  in  Engineering  of 
November  26th,  1897  (PP-  ^44-645)-  This  boiler  is  intended 
for  use  in  conjunction  with  the  De  Lavals  steam  turbine,  the 
peculiar  design  of  which  enables  steam  of  very  high  pressure 
to  be  used  without  causing  any  attendant  difficulties  as  to  tight 
joints  or  lubrication  to  be  experienced  in  the  engine.  The 
different  types  of  these  boilers  which  have  been  constructed 
work  at  pressures  of  from  50  to  220  atmospheres,  one  shown 
in  action  at  the  Stockholm  Exhibition  in  1897  worked  at 
1,700  lbs.  per  square  inch  pressure,  the  temperature  of  the 
steam  being  about  600  F.  The  steam-space  and  water-space  in 
the  boiler  are  very  small,  and  as  a  consequence  the  boiler  is 
extremely  sensitive  to  variations  in  the  load,  so  that  the 
arrangements  for  working  it  present  the  nearest  approach  to 
complete  automatic  regulation  which  has  been  made.  The 
boiler  consists  of  a  single  tube,  of  solid-drawn  malleable  iron 
of  comparatively  small  diameter,  wound  in  concentric  spirals 
between  which  the  gases  of  combustion  escape.  The  tubes  are 
submitted  to  a  hydraulic  pressure  of  more  than  double  the 
working  steam  pressure  before  being  used.  The  grate  is  shaped 
like  a  ring  and  has  a  revolving  motion,  and  the  coals  are  filled  in 
centrally  from  boxes  above  the  boilers.  These  boxes  need  not 
be  filled  more  than  once  in  every  two  or  three  hours,  but  the 
layer  of  fuel  in  the  furnace  is  kept  automatically  at  a  constant 
thickness.  The  air  necessary  for  combustion  is  forced  into  the 
furnace  by  means  of  a  fan  which  is  coupled  direct  to  the  driving 
shaft  of  the  turbine,  and, -by  means  of  an  apparatus  regulated  by 
the  steam  pressure  and  acting  on  the  valves  of  the  blast,  the 
combustion  is  regulated  according  to  the  quantity  of  steam 
consumed.  The  feed  water  is  pumped  continuously  into  one 
end  of  the  tube  and  passes  through  the  spirals  one  after  the 
other  with  considerable  velocity,  forming  steam  which  is  super- 
heated in  the  final  portions  of  the  spirals  from  which  it  passes 
to  the  turbine,  there  being  no  steam  chamber  or  reservoir. 
Special  regulating  apparatus  is  also  employed  to  cause  the  feed 
pump  to  feed  into  the  boiler  as  much  water  as  the  turbine  uses 
as  steam,  so  that  the  proportions  of  water  and  steam  in  the 
boiler  and  the  degree  of  super-heat  are  kept  constant.  The 
exceedingly  powerful  circulation  of  water  in  the  boiler  renders 
the  heating  surface  very  effective,  and  this,  coupled  with  the  fact 
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of  the  small  steam  and  water  spaces  referred  to,  has  made  it 
possible  to  bring  the  dimensions  of  the  boiler  within  a  small 
compass.  It  is  stated  that  a  combined  lOO  horse  power  turlx)- 
generator  with  suitable  toiler  and  condenser  occupies  a  floor 
space  of  only  i8  ft.  6  in.  by  ii  ft.  The  boiler  is  self-contained, 
requiring  no  brickwork  except  the  foundation.  The  air  supply 
passes  through  an  outer  shell,  whereby  it  absorbs   the  radiant 


^/P^ 


FIG.  305. 


heat,  or  at  any  rate  prevents  loss  by  radiation,  and  the  use  of  the 
air-blast  also  has  tended  to  reduce  considerably  the  size  of 
chimney  required.  Xo  illustration  of  this  boiler  has  been  as  yet 
made  public,  except  that  in  Dr.  de  Lavals'  British  patent, 
Specilication  No.  14884- 1895  (see  Fii^.  305),  but  the  description 
shows  that  it  embodies  a  very  great  advance  towards  a  perfect 
steam-generating  apparatus. 
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Simpson  and  Bodman  Boiler, — Early  in  1898,  Messrs.  D.  H. 
Simpson  and  W.  L.  Bodman  communicated  to  the  Liverpool 
Centre  of  the  Self- Propelled  Traffic  Association  an  account 
of  various  interesting  trials  and  experiments  carried  out  by 
them  to  determine  the  best  types  of  boilers  and  motors  for 
steam  road  vehicles.  Probably  the  most  interesting  attempt 
to  construct  an  efficient  flash  boiler  is  the  one  which  is 
illustrated  by  Fig.  306,  in  which  the  Row  patent  indented 
tubes  were  employed,  their  wavy  form,  resulting  from  the 
tubes  being  pressed  between  dies  alternately  at  right  angles, 
causing  the  water  to  come  into  intimate  contact  with  the 
heating  surface.  The  tubes  used  were  of  solid-drawn  steel,  with 
the  ends  swaged  down  so  as  to  form  practically  stout  double- 
ended  gas  bottles.  Twenty- two  such  tubes  were  used  in  the 
construction  of  a  boiler  to  evaporate  about  300  lbs.  of  water 
per  hour.  They  were  coupled  in  series  over  the  fire,  being 
connected  by  steel  tube  bends.  The  ends  of  the  main  tubes 
were  screwed  with  eleven  threads  to  the  inch,  and  the  bends 
fourteen  to  the  inch.  A  strong  hexagon  nut,  screwed  to  fit 
the  bend  at  one  end  >  and  the  tube  at  the  other,  being  used  to 
draw  the  bend  up  the  tube,  the  difference  in  threads  gave  a 
pull  equivalent  to  an  ordinary  union  nut  with  51  threads  per 
inch,  and  the  strength  of  14.  Forty-four  joints  made  in 
this  way  stood  800  lbs.  hydraulic  test  at  the  first  time  of 
screwing  up. 

The  tubes  are  placed  horizontally  over  the  fire  in  a  suitable 
casing.  Connected  to  the  steam  outlet  end  is  a  double-ended 
steel  gas  bottle,  which  has  a  tube  passing  through  its  centre, 
through  which  the  feed  water  passes  in  its  way  to  the 
generator.  It  is  thus  heated,  removing  some  of  the  super- 
heat of  the  steam,  and  increasing  the  duty  of  the  boiler  by 
the  introduction  of  hot  feed.  After  the  boiler  has  been  standing, 
or  when  the  steam  is  very  hot,  water  is  sprayed  into  the 
drum,  when  it  is  evaporated  by  the  extra  heat  in  the  super- 
heated steam,  and  passes  on  to  the  engines.  This  system 
of  injecting  water  into  the  steam  and  cooling  it  down  to  a 
reasonable  temperature,  while  still  leaving  the  boiler  hot  as  a 
reserve  of  heat,  has,  according  to  Messrs.  Simpson  and  Bodman, 
overcome  one  of  the  greatest  difficulties  in  this  type  of 
boiler.     The  system  of  starting  and  working  is   explained  by 
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FIG.  306. 
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the  diagram  Fig.  307  with  the  following  notes  : — The  generator  is 
raised  to  a  black  heat,  say  800°  F.  A  stroke  or  two  of  the 
hand  pump  H.S.P.  sends  the  water  up  the  pipe  P.D.  The 
injector  valve  I.S.V.  is  opened,  and  a  small  amount  of  water 
allowed  to  enter  the  drum  I.D.  The  valve  I.S.V.  is  then  closed, 
and  the  water  travels  through  the  feed  heating  tube  F.H.T. 
in  the  centre  of  drum  I.D.,  and  on  through  the  feed  pipe 
F.P.  into  the  generator.  The  superheated  steam  then  passes 
into  the  drum  I.D.,  where  any  excessive  superheat  is  extracted 
by  the  feed  water  passing  through  the  central  tube,  and  by  the 
water  injected  into  the  drum.  The  hand  pump  is  worked 
until  the  water  relief  valve  S.R.V.,  which  is  set  to  working 
pressure,  starts  returning  the  surplus  water  to  the  feed  water 
tank  F.W.T.  Then  the  main  stop  valve  M.S.V.  may  be 
opened,  starting  the  engines,  which  work  their  own  pumps 
E.P.,  keeping  up  the  supply  of  water,  any  surplus  being 
returned  by  the  relief  valve. 

Controlling  the  feed  by  a  steam  pump,  used  in  conjunction  with 
a  live  steam  feed  heater,  the  water  from  the  pump  exhaust  being 
drained  back  to  the  feed  tank,  was  preferred  to  any  automatic 
gear.  Fig.  308  shows  the  most  recent  form  of  this  boiler  from 
the  working  drawings.  The  illustration  shows  a  boiler  composed 
of  12  "members"  of  weldless  steel  tubes — these  "members'' 
being  U-shaped,  the  straight  portions  being  indented  on 
the  Row  plan,  and  the  bends  being  smooth  and  smaller  in 
diameter.  The  only  joints  are  thus  made  at  the  front  of  the 
boiler,  or  at  one  side,  the  system  of  making  the  joints  being  that 
introduced  in  the  Haythorn  boiler.  The  water  is  fed  direct 
from  the  pump  into  the  top  row  of  tubes  in  the  generator, 
and  issues  from  the  second  row,  having  traversed  the  four 
uppermost  U-tubes.  It  then  passes  through  a  U-shaped  tube 
inserted  in  the  steam  regulating  drum,  and  thence  passes  to  the 
bottom  row  of  tubes  and  passes  out  from  the  fourth  row 
from  the  bottom  as  superheated  steam,  which  is  collected  in 
the  steam  drum. 

The  patents  for  the  Simpson  and  Bodman  boiler  are  dated 
1896  (Nos.  4485  and  4486). 

Some  particulars  of  tests  of  this  flash  boiler  are  given  in 
Chap.  IX.,  but  by  forcing,  the  evaporation  can  readily  be 
increased  to  500  lbs.  of  water  per  hour. 
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Boilers  with  Gas  Producers. — Several  designs  have  been 
proposed  in  which  the  mass  of  fuel,  instead  of  being  wholly 
spread  on  a  grate,  is  held  by  portions  of  the  boiler,  which 
thus  enclose  it  somewhat  in  the  manner  of  the  walls  of  a 
gas  producer.  The  labour  of  stoking  is  thus  rendered  easier, 
and  the  fuel  before  reaching  the  zone  of  combustion  is 
partially  heated,  and  may  even  be  partially  distilled,  the 
gases  thus  given  off  being  subsequently  ignited  when  means 
for  the  admission  of  air  are  present  along  with  sufficient 
combustion  space.  The  attempt  to  combine  the  functions 
of  a  gas  producer  with  those  of  a  toiler  is  not,  however,  a 
very  promising  one,  if  for  no  other  reason,  because  an  efficient 
gas  producer  demands  combustion  at  a  comparatively  low 
temperature,  whilst  the  utilisation  of  the  fuel  in  a  boiler 
requires  that,  as  we  have  seen,  combustion  shall  take  place 
at  the  highest  possible  temperature,  and  it  will  be  extremely 
difficult  to  reconcile  such  opposing  conditions  in  one  apparatus. 

Part  of  the  idea  is  contained  in  Paul's  patent  of  1824  (see 
p.  361  ante),  whilst  William  Church  in  1832  (No.  6220)  proposed 
a  boiler  composed  of  vertical  tubes,  set  in  circular  rows  round  a 
grate,  the  fuel  being  filled  in  from  the  top  ;  and  C.  Johnson 
in  1868  (No.  2021)  proposed  another  form  for  a  similar 
arrangement.  In  1884,  B,  C.  Sykes  and  T.  Briggs  (No.  2709), 
and  J.  W.  Macfarlane  and  J.  J.  Coleman  (No.  12497)  combine 
boilers  with  enclosed  gas  producers  fed  from  above. 

In  1886,  O.  Lilienthal  and  W.  Bashall  (No.  8322)  have  a  coiled 
water-tube  boiler  with  the  fuel  arranged  as  in  a  gas  producer 
enclosed  in  the  coil.  Their  subsequent  patent  in  1887  (No. 
16555)  ^vas  abandoned.  J.  J.  Barclay  in  1889  (No.  11864)  com- 
bined a  shell  boiler  with  a  similar  arrangement  for  the  fueP  and 
G.  H.  Taylor,  1889  (No.  14708)  had  a  gas  producer  combined 
with  a  vertically  inclined  water-tube  boiler.  About  1886 
B.  H.  Thwaite  proposed  the  combination  of  a  boiler  with  his 
gas  producer,  but  in  this  case  *  the  boiler  was  placed  above  the 
gas  producer  and  formed  the  combustion  chamber  for  the  gas 
which  was  produced  below. 

^  Another  will  be  found  illustrated  in  TUe  Mechanical  Enginrcr  oi  9th 
April,  1898,  page  368. 

»  See  Min.  Proc.  Inst.  C.E.,  Vol.  Ixxxiv.,  p.  105. 
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Other  designs  which  have  been  proposed  are  those  of  W. 
Schmidt,  1893  (No.  564)  ;  L.  Bemehiians,  1893  (No.  1290)  ;  E. 
Herz,  1893  (No.  1467)  ;  G.  H.  Taylor,  1893  (No-  75^o) ;  C.  A. 
Allison,  1893  (No.  9077)  ;  L.  Benier,  1893  (No.  64),  1894  (No. 
6744)  ;  J.  M.  White  and  J.  Timmins,  1894  (No.  7934)  ;  S.  S. 
Bromhead,  1896  (No.  4674)  ;  De  Laval,  1895  (No.  14884)  ; 
Newton,  1895  (No.  22023),  ^^• 

The  latest  proposal  is  that  of  Professor  W.  H.  Watkinson  in 
1898  (No.  13328)  who  uses  the  vertical  tubes  of  his  boiler,  which 
is  described  in  his  specification  of  1896  (No.  15721),  to  form  two 
sides  of  a  gas  producer.  The  other  two  sides  may  be  built  of 
brick  or  of  walls  of  tubes.  The  fuel  is  fed  in  at  the  top  through 
a  hopper  placed  between  the  two  horizontal  drums  from  which 
the  tubes  descend.  A  special  trough-shaped  casting  with  grids 
along  the  sides  forms  the  grate.  In  outline  the  boiler  is  similar 
to  that  of  the  land  boiler  shown  in  Rowan  and  Horton's  specifi- 
cation of  1869,  two  of  these  latter  elements  (used  also  by  the 
author  in  1894,  No.  8170)  being  placed  side  by  side,  but 
Professor  Watkinson  arranges  his  vertical  tubes  very  closely 
side  by  side  in  order  to  allow^  only  very  thin  sheets  or  streams  of 
hot  gases  to  pass  through.  The  object  of  this  arrangement  is  to 
imitate  the  well-known  cooling  action  of  wire-gauze  on  flame, 
but  unless  some  means  were  provided  for  re-igniting  the  cooled 
gases  on  the  far  side  of  such  a  wall  of  tubes  it  is  probable  that 
much  of  the  combustible  gas  might  escape  unconsumed.  It  is 
well-known  that  whilst  a  Hame  cannot  pass  through  wire  gauze, 
it  is  still  possible  to  ignite  the  gases  on  the  opposite  side  of  the 
gauze,  and  this  result  will  even  be  automatically  accomplished 
as  soon  as  the  wire  gauze  becomes  red  hot.  If  complete  com- 
bustion took  place  before  the  gases  were  passed  through,  the 
first  row  of  tubes  there  would  completely  screen  the  heat  from 
the  rest  of  the  boiler  surfaces. 

Several  designs  of  boilers  due  to  French  inventors  will  be 
found  alluded  to  in  Bertin  and  Robertson's  "  Marine  Boilers  "  at 
page  282,  and  in  ^'  Les  Chaudieres  Marines "  by  M.  L.  De 
Chasseloup-Laubat  in  the  Memoires  de  la  Societe  des  Ingenieurs 
Civils  de  France,  for  April,  1897. 

General  Obsef  rations. — There  can  be  little  doubt  that  in  propor- 
tion as  we  apprehend  the  importance  of  the  principles  which 
are   dealt  with   in  the  preceding  chapters,  we  shall  be  able  to 
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estimate  the  value  of  the  different  designs  that  are  proposed, 
according  as  they  exhibit  the  var^'ing  degrees  in  which  true 
principles  are  applied,  and  to  discriminate  between  different 
designs.  In  many  of  the  cases  which  have  been  before  us  we 
have  no  record  of  the  pressure  of  steam  at  which  it  was  intended 
to  work  the  boiler,  so  that  only  the  forms  can  be  compared 
generally  in  view  of  the  action  of  steam  raising,  and  partially  in 
relation  to  strength.  It  must  not  be  forgotten  that  whilst  the 
boiling  of  water  in  an  open  vessel,  or  at  atmospheric  pressure,  is 
an  action  which  proceeds  strictly  on  natural  lines,  when  we 
employ  a  closed  vessel  and  higher  pressures  of  steam  we  have 
introduced  conditions  which  render  steam-raising  more  or  less 
an  artificial  process,  which  must  be  conducted  in  accordance 
with  scientific  principles,  the  carrying  out  of  which  process 
demands  frequently  the  highest  engineering  skill  for  its  success- 
ful manipulation  and  control.  On  this  account  it  is  apparent 
that  one  without  training  or  experience  can  no  more  handle  or 
judge  of  a  scientific  steam  generating  apparatus,  than  can  an 
ordinary  mill-wright  manipulate  the  finer  mechanism  of  a  watch 
or  a  delicate  electrical  machine.  Actions  that  are  incongruous 
with  steam  generation  should  be  rigidly  excluded  from  the 
steam  generator,  and,  to  take  one  marked  instance,  it  is  incon- 
trovertible that  the  separation  of  solid  matters  of  any  description 
from  the  water  is  not  an  operation  which  should  be  carried  on 
in  an  apparatus  designed  for  steanrgeneration.  All  treatment 
of  the  water  from  which  steam  is  to  be  produced,  whether  for 
purification  or  for  the  prevention  of  incrustation  or  corrosion, 
should  be  carried  out  in  vessels  external  to  the  boiler.*  It  is 
absurd  to  expect  that  an  efficient  steam  generator  should  also 
act  as  a  precipitating,  filtering  or  mud-collecting  apparatus.  The 
conditions  which  are  essential  to  the  highest  efficiency  in 
generating  steam  are  sufficiently  complex  and  onerous  to  demand 
that  the  boiler  shall  be  entirely  devoted  to  them. 

After  the  problem  of  combustion  is  mastered,  there  arc  two 
great  factors  which  govern  all  considerations  leading  to  the 
determination  of  the  best  design,  viz.  : 


*  On  this  subject  see  the  excellent  Report  on  the  Purification  of  the  Feed 
Water  of  Locomotives  presented  by  Mr.  J.  A.  F.  Aspinall  to  the  Sixth  Sesiioo 
of  the  International  Railway  Congress  held  in  Pari*  daring  1900. 
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1st,  the  movement  of  the  hot  gases,  or  the  application  of  the 
heat  presented  for  transmission  in  the  best  way,  and 

2nd,  the  movement  of  the  water,  or  circulation  of  the  heat 
recipient,  so  that  heat  may  be  most  freely  received  and  steam 
most  readily  liberated  and  the  boiler  surfaces  preserved. 

There  are  sub-factors,  such  as  strength  (involving,  of  course, 
safety),  lightness,  durability  and  economy,  which  include  the 
question  of  the  necessity  for,  and  facility  of  executing  repairs, 
but  there  is  no  reason  why  these  should  not  be  easily  pro- 
vided for  if  they  are  kept  subordinate  to  the  others.  It  has 
been  too  much  the  practice  to  place  those  tirst  which  should 
be  subordinate,  and  those  last  which  should  be  first.  In 
the  past,  with  chimney  draught,  facihty  of  combustion  was  no 
doubt  naturally  the  first  consideration,  and  the  most  convenient 
arrangement  probably  was  one  that  permitted  the  gases  to  con- 
tinually ascend.  Hence  horizontal  or  horizontally  inclined  tubes 
seemed  to  present  their  surfaces  in  the  best  position  to  the 
stream  of  hot  gases.  Even  then,  however,  good  results  were 
obtained  with  vertical  tubes  or  surfaces  by  directing  the  course 
of  the  gases  to  and  fro  horizontally  and  even  downwards.  With 
mechanically  moved  gases  we  can  command  their  direction  of 
movement,  and  have  the  opportunity  of  considering  primarily 
the  means  of  utilising  to  the  best  advantage,  and  even  of  aiding, 
the  movement  of  the  water  and  steam. 

Different  theories  of  tTie  course  followed  by  the  steam  and 
water  under  the  action  of  the  heat  of  the  fuel  have  been  the 
cause  of  several  vagaries  of  design,  but  the  introduction  of 
mechanical  movement  of  the  water  will  here  also  leave  nothing 
to  chance,  and  will  ensure  the  realisation  of  the  best  conditions 
for  working  and  for  presei*vation  of  the  boiler.  It  is  not  un- 
likely that,  for  the  higher  temperatures  which  must  probably  be 
faced  in  connection  with  steam  generation,  some  adaptation  of 
a  film  system,  differing  from  that  of  Serpollet  and  that  of 
Simpson  and  Bodman,  will  be  combined  with  such  forced 
circulation  of  the  water.  And  if  properly  arranged,  the  division 
of  the  streams  of  hot  gases  also  into  thin  films  will  no  doubt 
be  found  advisable. 

A  survey  of  the  many  designs  published  in  the  past  leads  to 
the  conclusion  that  there  are  in  the  main  ^xe  distinct  arrange- 
ments in  water-tube  designs  which  are  practically  possible,  viz., 
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first,  vertical  tubes ;  second,  inclined  tubes  ;  third,  coils  ;  fourth, 
horizontal  tubes,  parallel  coupling ;  and  fifth,  horizontal  tubes, 
series  coupling.  There  may  be  modifications  of  these,  or  com- 
binations of  one  with  another,  but  all  boilers  may  be  classed 
under  these  heads  if  the  main  features  of  design  are  taken  into 
account,  and  we  believe  that  we  have  here  placed  them  in  the 
distinct  order  of  their  value. 


:^J 


CHAPTER  IX. 

Some  Tests  of  Boilers  and  Results. 

It  is  obviously  impossible  within  the  limits  of  such  a  work  as 
this  to  give  a  record  of  trials  of  all  the  boilers  referred  to  in 
it.  On  this  account  a  comparatively  small  number  of  such  trials 
must  be  selected  because  of  their  possessing  some  features  of 
special  interest,  either  technical  or  historical.  Some  elements 
of  comparison  of  different  designs  can  be  derived  from  such 
records,  but  a  large  number  of  details  must  be  known  before 
a  complete  or  trustworthy  comparison  can  be  instituted  between 
boilers  differing  widely  in  design. 

The  published  proceedings  of  the  Industrial  Society  of  Mul- 
house,  and  of  the  Royal  Agricultural  Society  of  England,  contain 
valuable  information  regarding  the  testing  of  steam  boilers  of 
different  types  ;  and  recent  practice  is  shown  in  Donkin  and 
Kennedy's  "  Tests  of  Steam  Boilers  " ;  "  The  Heat  Efficiency  of 
Steam  Boilers,"  by  Bryan  Donkin  ;  Professor  Thurston's"  Manual 
of  Steam  Boilers "  (chap,  xiv.),  and  in  "  The  Marine  Steam 
Engine,"  by  Sennett  and  Oram  (p.  85,  etc.).  Wm.  Kent's 
"  Steam  Boiler  Efficiency"  should  be  studied  in  this  connection, 
and  reference  should  be  made  to  the  new  standard  tests  of 
which  some  notice  will  be  found  in  Min.  Proc.  Inst.  C.  E., 
Vols,  cxli.,  p.  383,  and  cxlii.,  pp.  414-419. 

Of  late  years  controversy  has  raged  between  the  advocates  of 
the  cylindrical  or  Scotch  form  of  boiler  and  those  who  support 
the  introduction  and  use  of  water-tube  designs.  Personal  or 
vested  interests  have  as  usual  imported  some  bitterness  into  such 
controversy  and  prevented  the  question  being  debated  solely  on 
its  scientific  merits,  with  consequent  loss  to  all  concerned.  And 
it  has  frequently  been  forgotten  that  in  very  few  cases  are  the 
records  of  tests  or  catalogues  of  results  sufficiently  full  and 
ample  to  justify  any  final  conclusion  as  to  the  comparative 
merits  of  the  different  designs.  Moreover,  it  should  be  re- 
membered that  whilst  it  is  unlikely  that  any  great  improvement 
in  construction  or  working  can  now  be  introduced  in  the  case  of 
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the  cylindrical  boiler,  in  that  of  the  water-tube  boiler  there  is 
not  only  room  for  improvement  but  great  likelihood  that  im- 
proved forms  will  be  introduced  as  experience  with  this  type 
becomes  extended.  It  is  sometimes  urged  that  the  possibilities 
of  forced  combustion  with  the  cylindrical  boiler  have  not  yet 
been  fully  investigated  ;  but,  as  we  have  seen  in  Chapter  IV., 
etc.,  improvement  in  methods  of  combustion  can  apply  with 
greater  force  and  readiness  to  the  water-tube  than  to  the  other 
design.  It  may  be  admitted  that  few,  if  any,  of  the  water-tube 
boilers  hitherto  actually  introduced  could  profit  by  a  develop- 
ment of  forced  combustion,  but,  on  the  other  hand,  should  im- 
provement in  methods  of  combustion  be  introduced,  the  water- 
tube  system  undoubtedly  presents  more  flexibility  of  adaptation 
to  new  conditions  than  does  its  rival. 

Regarding  the  utilisation  of  the  heat  of  the  fire  gases,  the 
degree  to  which  that  is  possible  with  the  different  systems  turns 
largely  upon  the  question  whether  conducting  these  gases 
through  tubes  which  are  surrounded  with  water,  or  dispersing 
them  amongst  tubes  which  are  filled  with  w^ater,  is  the  more 
efficient  arrangement.  There  are,  of  course,  good  points  in  both, 
but  the  considerations  advanced  in  the  preceding  chapters  un- 
doubtedly show  that  the  latter  offers  the  best  prospect  of  a 
satisfactory  result  from  the  point  of  view  of  heat  transmission 
efficiency.  It  is  but  fair  to  add  that  such  a  result  as  is  here 
contemplated  has  not  yet  been  realised  from  any  boiler  of  what- 
ever design  hitherto  introduced,  ahhough  some  water-tube  boiler 
trials  have  shown  a  higher  rate  of  evaporation  per  square 
foot  of  heating  surface  than  has  been  obtained  with  cylindrical 
boilers. 

Payne's  Result. — A  reference  to  what  is,  perhaps,  the  oldest 
evaporative  result  on  record  shows  how  very  small  an  advance 
has  been  made  in  utilisation  of  heat  during  150  years.  John 
Payne,  in  describing  his  steam  boiler  to  the  Royal  Society  of 
England  in  1747  (see  Phil.  Trans.,  1747,  page  828),  announced 
that  he  had  "  rarefied  "  or  turned  into  steam  90  gallons  of  water 
with  112  lbs.  of  coal.  This  having  been  an  evaporative  rate  of 
8*03  lbs.  of  water  per  lb.  of  coal,  is  not  veiy  far  behind  the 
best  results  obtained  to-day. 

MuJhouse  Trials. — Amongst  the  results  given  in  the  "  Bulletin 
de  la  Societe  Industrielle  de  Mulhouse  "  (Vol.  xliii.,  1873)  there 
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are  the  following  comparative  results  obtained  in  1872  in  trials 
with  Comishy  Lancashire^  and  French^  or  "  Elephant "  forms  of 
boilers  : — 


Table  LXVI. 


Cornish.    Lancashire    French. 


Coal  per  hour  

„      sq.  ft.  of  grate 
Water  per  lb.  of  coal 

„  „         combustible 


lbs. 


216 

15 
7-66 
889 


244 
132 
780 
8-99 


387 
14-4 
728 

8-20 


Later  comparative  trials  of  Lancashire^  Fairhairn^  and  French 
forms  of  boilers,  published  by  the  same  society/  also  yield  inte- 
resting results,  as  do  the  experiments  carried  out  by  Mr.  Isher- 
w^ood*  on  a  marine  boiler  with  proportions  of  fire-grate  and 
heating  surface  varied  at  will. 

IshenvooiVs  Trials, — From  our  point  of  view  in  this  volume, 
however,  more  practical  information  is  yielded  by  the  trials  of  a 
horizontal  flue  tube  and  a  vertical  water-tube  boiler  (the  latter 
being,  however,  only  a  tank  boiler  with  vertical  water-tubes 
inserted  in  a  large  flue)  on  board  the  U.S.  steamer  '*  San  Jacinto." 
The  grate  area  (108  sq.  ft.)  was  the  same  in  both  boilers,  and 
the  ratio  of  grate  area  to  heating  surface  was  i  to  24I  in  the 
flue  boiler  and  i  to  30^  in  the  water-tube  boiler. 

The  water-tube  arrangement  showed  more  rapid  evaporation 
and  more  efficient  heat  utilisation  than  the  other  form.  The 
following  are  the  results  with  normal  condition  of  heating 
surface  in  both  boilers.  They  show  that  the  water-tube 
arrangement  evaporated  10*3  per  cent,  more  water  per  hour 
and  1 8-8  per  cent,  more  per  pound  of  coal,  and  showed  a  tem- 
perature of  waste  gases  fully  100°  lower,  than  in  the  flue-tube 
arrangement. 


1  See  also  "  The  Steam  Engine,"  by  D.  K.  Clark,  Vol.  i.,  pp.  213-231. 
*  Experimental   Researches  in   Steam    Engineering.     New    York. 
Vol.  ii. 


1865. 
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C<»al  per  sq.  It.  ol"  .ijralc  per  liour 

An|i  per  cent. 

Water  at  212°  evaporated  per  lu)iir 

,,  „  ,.  ,.       lb..(>t  coal 

,,  „  „  ,,    colllbu^tihk 

Temperature  in  uptake    ... 

Air  pre>siire  at  bh»\\er     ... 


Natural  Druughi. 

Forced 

Draught. 

Flue  tube. 

Watcrlubi 

Flue  tube. 

Water  tube 

120  lbs. 

117  lbs. 

245  lbs. 

237  lbs. 

143 

16-8 

14-8 

163 

ij!055lbs. 

1 5301  lbs. 

i7425lb> 

1 8564lbs. 

S«7  lbs. 

10-54  lbs. 

6-57  lbs. 

726  lbs. 

1035  lbs. 

\2'(yy  lbs. 

()g2  lbs. 

;  8i)8  lbs. 

46J  F. 

iSf^""  K. 

, 

r54»"s. 

11-54  ins. 

Similar  results,  but  011  a  nioie  elaborate  scale,  are  shown  in 
the  t()ll()win}4  labk-s  recorcliug  further  trials  of  two  marine 
donkey  boilcis  in  the  U.S.  Xavy  Yard,  Xew  York  ;  one  of  these 
boilers  havinj^  an  ordinary  horizontal  tire-tube,  and  the  other 
having  vertical  w.itcr-tubes  on  Martin's  plan,  as  in  the  **  San 
Jacinto's  "  boilers. 

Allliough  Martin's  boiler  was  not  a  true  wiiter-tube  boiler,  but 
was  only  a  tank  boiler  lilted  with  vertical  water-tubes  in  the 
large  horizontal  reliirn  line,  yet  in  these  trials  it  showed  a 
higher  eva})orati\e  eriiciency  than  did  the  other  with  horii^ontal 
return  line  tubes. 

This  result  can  have  been  due  onlv  to  the  superior  efficiency 
of  the  water-tube  heating  surface,  as  the  total  quantity  of  fuel 
consimied  and  of  water  e\a}U)rated  in  a  given  time  was  greater 
in  the  case  of  the  Hue-tube  bc^ler. 
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S.S.  "  Thetis.^* — Of  boilers  of  the  water-tube  or  sectional  class 
proper  we  have  many  records  of  trials  and  performances. 

In  1858  a  marine  boiler  of  the  Craddock  design  (with  the 
addition  of  a  steam  dome  and  some  slight  alteration  in  the 
furnaces  and  passages  for  gases,  steam  and  water),  having  nine 
square  feet  of  heating  surface  per  lb.  of  coal  consumed  per 
hour,  gave  in  the  s.s.  "  Thetis  "  results  which  showed  an  evapo- 
ration of  II  lbs.  of  water  per  lb.  of  coal,  which  had  a  theoretical 
evaporative  power  of  15^,  as  certified  by  the  late  Professor 
Macquorn  Rankine, 

As  a  mean  of  226  indicated  horse  power  per  hour  was 
developed  on  a  consumption  of  10 18  lb.  coal  per  I.H.P.,  the 
boiler  cannot,  however,  have  had  a  very  active  evaporation  from 
each  square  foot  of  heating  surface.  The  steam  pressure  in  the 
boiler  was  115  lbs.  per  square  inch. 

Similar  results  at  pressures  from  120  to  150  lbs.  per  square 
inch  were  obtained  with  sectional  and  water-tube  boilers  of 
Rowan  and  Horton's  design,  during  the  period  from  1859  to 
1874,^  but  the  time  was  not  then  ripe  for  the  employment  in 
marine  practice  of  those  higher  pressures  of  steam  which  make 
this  class  of  boiler  almost  a  necessity,  and  the  use  of  water- 
tube  marine  boilers  was  all  but  discontinued  in  this  country  for 
some  years. 

On  land,  however,  many  different  forms  of  water-tube  boilers 
have  been  systematically  tested  during  that  period. 

American  Trials. — At  the  Fair  of  the  American  Institute  in 
November,  187 1,  some  careful  tests  were  carried  out  by  a  com- 
mittee presided  over  by  Professor  R.  H.  Thurston,  who  pub- 
hshed  the  results  in  a  paper  read  before  the  American  Society 
of  Engineers.*  The  water- tube  boilers  tested  were  those  of 
Rooty  A  lien  J  and  P///^^f  r,  and  along  with  these  were  tried  a  Lowe 
boiler  and  a  Blanchard  boiler,  both  being  modifications  of  the 
flue-tube  boiler. 

The  results  are  given  in  the  following  table  : — 


*  See  Trans  Inst.  Engineers  and  Shipbnilders  in  Scotland.  Vol.  xxiii.,  pp. 
51-78,  and  Vol.  xli.,  pp.  29-143. 

»  See  Engineerings  15th  January,  1875,  pp.  49,  50.  Also  "The  Steam 
Engine,"  by  D.  K.  Clark,  Vol.  i.,  pp.  248-252. 
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These  tests  possess  additional  interest  from  their  being 
amongst  the  first  in  which  estimations  of  the  dryness  of  the 
steam  or  amount  of  priming  water  present  were  made  by  the 
calorimetric  method.  For  the  particulars  of  the  method  adopted 
and  of  the  calculations  and  formulae  employed,  Professor 
Thurston*s  paper  must  be  consulted.* 

Howard  Boilers. — The  record  of  experiments  on  "  Howard  " 
inclined  tube  boilers,  carried  out  by  a  Committee  at  the  Fair  of 
the  American  Institute  in  1874,  will  be  found  in  Engineering  of 
January  26th,  March  2nd,  and  April  13th,  1877,  pages  80,  176, 
and  226  of  Vol.   xxiii.     It  has  also  features  of  great  interest. 
The  following  is  an  abstract  of  the  principal  results  : — 

1st.  2nd.  Mean. 

Duration  of  experiments    ...         ...     I0'5  11 

Pounds  of  fuel  fed  into  furnace  ...  5. 100 

„       „    coal  and  ashes  withdrawn  i>i58 


„       „    combustible  consumed...  3)942 

„    water  fed  into  boiler    ...17,338        21,015         37,403* 
Less  priming  water 452  3,100  3,552 


Pounds  of  water  evaporated          ...16,886  17,915         33,851* 

Pressure  of  steam  in  boiler            ...     76*5  138*3 

Temperature  of  feed          35"^  36" 

„       atmosphere         ...        35^  45'" 

„        steam  in  drum     ...      314^         3468"  ^^'>'  ^^f ^'\ 
"  "  ^  ^  '^^         mometer.) 

„       gas  leaving  boiler        332'"  3242 

„           „         „    entering  chimney  234^ 

Pounds  of  combustible  per  hour  ...  183-5 

„           „         „           „     sq.  foot  of  grate  68 

„           „         „           „         „         „    heating  surface  0-308 

Apparent    evaporation    per    lb.    of 

combustible      ...          9-024  9*915  9*469* 

Effective       8798  8368  8543 

„       from          212''      1075  10-28  10-53 

Percentige  of  total  absorption  (useful)    -742  -709  -726 

*  See  also  Eni^inccrin^i^,  Vol.  xiii.,  1872,  pp.  340,  373,  377,  434. 

*  There  is  apparently  some  slijiht  error   in  these  ti^iures,  as  the  totals  of 
the  water  do  not  agree  in  themselves  or  with  the  rate  of  evaporation. 
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At  the  conclusion  of  the  experiment,  with  the  steam  pressure  at  75  lb.,  the 
safety  valve  was  closed,  and  the  steam  allowed  to  accumulate  in  the  boiler 
until  the  pressure  reached  135  lb. 

During  the  interval  the  fires  were  burning  at  the  same  rate  as  during  the 
other  parts  of  the  experiment. 

The  following  Table  shows  the  increase  of  pressure  : — 

Table  LXXI. 


Time. 

Steun. 

Time. 

steam. 

hrs.  min. 

hrs.  min. 

5    30 

79 

5    49 

115 

5    43 

90 

5    50 

118 

5    44 

93 

5    51 

122 

5    45 

100 

5    52 

"5 

5    46 

103 

5    53 

131 

5    47 

105 

5    54 

135 

5    48 

IIO 

5    55 

blow  oS. 

The  boiler  had  been  fed  with  cold  water  just  before  5.30,  and  it  is  believed 
that  the  temperature  of  the  water  in  the  boiler  was  not  uniform  until  5^3, 
after  which  the  increments  of  temperature  appear  to  be  nearly  uniform,  being 
2  j^„  dcg.  per  minute. 

The  weight  of  water  in  the  boiler  was  4,400  lb.,  and  the  equivalent  weight 
of  iron  surrounding  it  was  1,200  lb.,  giving  the  total  equivalent  weight  of 
water  to  be  elevated  in  temperature  to  be  5,600  lb.  The  increase  of  the 
temperature  of  the  water  was  from  543  to  554,  being  1 1  min.  (358*45 — 33118=) 
2725  deg.  The  units  of  heat  corresponding  to  this  elevation  of  the  tempera- 
ture of  the  whole  mass  would  be  (27-25x5600=)  178300. 

This  amount  of  heat  was  transferred  in  11  min.  The  amount  transferred 
during  one  hour,  at  this  rate,  would  have  been  (i 78300^-1 1x60=)  861800 
units,  corresponding  to  (861800-^-1156:=)  741  lb.  of  steam  from  the  tempera- 
ture of  the  feed. 

But  during  the  interval  immediately  succeeding  the  elevation  of  tempera- 
ture, the  boiler  was  evaporating  (183-5 x  8*8^  ^^^S  1^-  o^  steam  per  hour.  If 
this  rate  of  transfer  had  continued  during  the  elevation  of  temperature  the 
increment  would  have  been  (21  X  i6i5-;-74i=)  4-4  deg.  per  min.  So  far  as 
this  experiment  goes,  it  would  appear  that  the  heat  was  only  transferred  about 
one-half  as  fast  while  the  pressure  was  rising  as  while  it  was  uniform.* 

If  the  heat  should  be  transferred  during  the  whole  time  while  the  pressure 
was  rising  to  that  pressure  at  which  the  boiler  would  burst,  at  the  same  rate 
as  during  the  elevation  of  pressure  between  the  two  experiments,  the  bursting 
pressure  would  be  reached  in  nearly  23  min.,  for  the  bursting  pressure  of  the 
tube  is  3000  lb.,  and  the  temperature  corresponding  to  3000  lb.  in  797  deg., 

*  Heat  and  Steam  Engine.    Trowbridge,  p.  106. 
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and  (797 — 320-7-2' 1=)  22i  min.  This  is  about  half  as  long  a  period  as  would 
usually  be  occupied  by  the  ordinary  forms  of  boiler.  The  rapid  variation  of 
pressure  is  the  result  of  the  small  weight  of  water  contained  in  the  boiler. 
This  is  an  important  feature  of  all  the  boilers  of  the  class  to  which  this  belongs. 
It  must  be  remembered  that  the  cast-iron  heads  will  probably  give  out  at  a  less 
pressure  than  3000  lb.,  although  the  Committee  have  no  means  of  determining 
at  what  pressure  they  will  give  out. 

It  will  be  observed  that  the  temperature  of  the  gas  leaving  the  boiler  is  less 
than  the  temperature  of  the  steam  due  to  the  pressure.  Under  these  circum- 
stances, no  super-heating  is  possible  with  any  super-heater  whatever.  It  will 
also  be  observed  that  at  one  time  the  temperature  of  the  gas  leaving  the  boiler 
is  considerably  hotter  than  the  temperature  due  to  the  pressure  of  the  steam, 
but  the  temperature  indicated  by  the  thermometer  on  the  steam  drum  is  less 
than  the  equivalent  temperature  of  the  steam.  The  following  Table  exhibits 
this  variation  : — 


Table 

LXXII. 

, 

S 

3 

! 

1, 

1- 

1 
li 
1^ 

0 

0 

§ 

1 

Differences. 

Hour. 

OiiB 

lis 

8=1 

930 

72 

319 

317-3 

350 

+  327 

+  1-7 

1000 

73 

3II-5 

318-2 

375 

568 

-67 

10-30 

78 

3H-5 

322-2 

400 

77-8 

-107 

iroo 

74 

311-5 

319 

415 

940 

—  7-5 

11-30 

76 

310-5 

3206 

390 

69-4 

— lo-i 

1200 

75 

310 

319-8 

390 

702 

-9-8 

1230 

80 

316 

323-6 

380 

56-4 

—  7-0 

I  00 

80 

320 

3236 

350 

26-4 

-3-6 

1-30 

n 

311 

3214 

330 

8-6  (+57-8) 

— IO-4  (-8) 

2  00 

80 

319 

3236 

310 

—22-6 

-4-6 

230 

70 

307 

315-8 

320 

-f  4-2 

—  8-8 

300 

75 

312 

319-8 

315 

-4-8 

-  7-8 

330 

79 

318 

322-9 

310 

-12-9 

—  4-9 

400 

75 

312 

319-8 

310 

-9-8 

-7-8 

4*30 

84 

318 

3266 

315 

+  11-6 

—  8-6 

500 

73 

3io'5 

318-5 

315 

-  35 

—  80 

530 

79 

315 

3229 

310 

—12-9— (10) 

—  7-9  (764) 
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The  strength  of  the  tubes  <>t'  this  boiler  being  8j  in.  inside  diameter,  and 
i\  in.  thick,  takinj4  the  strength  of  the  iron  at  50,000  lb.,  and  the  welded  joint 
at  20  per  cent,  less,  will  be 

/•HOX!>0,000  :>\  lu  I 

f  — X  J.  1  =  3000  lb.  nearly  per  sq,  ni. 

The  cast-iron  heads  are  probably  not  so  strong  as  the  tubes,  but  the  Com- 
mittee have  no  means  of  determining  how  strong  they  are. 

If  it  is  true,  as  said  by  an  eminent  engineer,  that '*  in  nine  cases  out  of  ten  a 
continuously  nicreasing  pressure  of  steam  without  means  of  escape,  is  the 
immediate  cause  of  explosion,"  •  the  liability  to  explosion  would  decrease  as 
the  margin  of  strength  increases,  and  this  must  be  looked  upon  as  a  very 
strong  and  safe  boiler. 

There  is  another  point,  however,  which  the  Committee  do  not  feel  justified 
in  passing  without  comment.  The  feed  water  is  introduced  into  all  the  lower 
rows  of  lube*  from  a  common  pipe,  and  these'tubes  are  only  connected  with 
the  steam  space  by  the  back  end.  Now,  it  is  evident  that  if  there  is  any  steam 
formed  in  the  lower  tubes,  it  must  leave  them  by  the  back  end,  and  that  there 
would  be  a  constant  current  of  steam  leaving  the  tubes,  tending  to  carry  the 
water  with  it.  It  is  no  doubt  the  expectation  of  the  builder  that  there  will  not 
be  any  steam  formed  in  the  lower  tubes,  but  that  they  will  only  serve  as  a  teed 
water  heater,  and  that  the  cold  water  pumped  in  at  a  lower  end  will  be 
gradually  forced  along  the  tube  by  the  fresh  supply  of  water  coming  on 
behind  it.  becoming  warmer  and  warmer  as  it  travels  along  the  tube,  but  not 
reaching  the  temperature  of  the  steam  until  it  arrives  at  the  end  and  mixes 
with  the  water  circul.iting  through  the  upper  tubes.  So  long  as  this  is  the 
case,  no  harm  can  cunie  from  having  these  tubes  connected  at  one  end  only. 
The  effective  surface  of  the  lower  row  of  tubes  being  one-half  the  total 
surface.  50  square  feet  is  equal  to  (;>V=)  i"^5  ^i'^c  the  grate  surface.  From 
experiments  with  other  boilers,  at  the  same  rate  of  combustion,  it  appears 
that  about  6000  units  of  heat  would  be  absorbed  by  this  surface  for  every 
pound  of  combustible  consumed.  During  the  experiment,  the  feed  water  had 
a  temperature  of  35  deg.,  and  each  pound  of  combustible  elevated  9  lb.  of 
water  from  the  temperature  of  the  feed  to  the  steam,  and  evaporated  8*8  lb., 
the  balance,  2  lbs.,  being  entrained  with  the  steam.  Thus  the  total  heat 
absorbed  was  : 

Water         9x286=2574 

Steam  8-8x888=7814 


10388 

Therefore  the  units  of  heat  available  to  form  steam  in  the  lower  tube  (6000 
—2574=)  3426,  and  the  equivalent  weight  of  steam  (3426-^888=)  3-86.  That 
is  (3-8(>-i-8.(S=)  44  per  cent,  of  the  total  steam  formed  in  the  boiler  will  be 
formed  in  the  lower  tubes.  If  the  water  leceived  heat  uniformly  from  the 
time  of  its  entrance  during  its  passage  along  the  tube,  it  would  have  acquired 

^  Sir  William  Fairbairn  -  Useful  Information  for  Engineers.  1st  Series, 
p.  5S,  Ed.  1S64. 
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the  temperature  of"  the  steam  at  (2791 -7-6000  X  12=)  5'6  ft.  from  the  front  end 
of  the  tube,  at  this  point  the  steam  would  commence  to  form  and  the  current 
of  water  would  be  reversed.  If  the  combustion  is  slow,  as  in  the  experiment, 
these  two  currents  may  pass  each  other  without  interference,  but  if  the  com- 
bustion be  surticiently  rapid  so  that  more  heat  is  thrown  on  the  lower  tube 
(see  Fig.  309),  or  if  the  feed  water  enters  the  tube  at  a  higher  temperature  than 
35  deg.,  so  much  steam  may  be  formed  that  the  opposing  currents  of  steam 
and  water  will  interfere  and  drive  the  water  from  the  tube,  when  the  tube 
would  soon  become  red  hot,  and  burst  with  a  very  moderate  pressure. 
Although  it  is  not  probable  that  there  would  be  an  explosion  in  the  ordinary 
acceptation  of  the  term,  still  the  steam  and  water  would  pour  out  into  the 
furnace  with  certainly  disastrous  and  perhaps  fatal  results.  Your  Committee 
cannot  say  at  what  rate  of  combustion  or  temperature  of  feed  steam  would  be 
formed  in  the  lower  tubes  with  sufficient  rapidity  to  expel  the  water.  That 
can  only  be  determined  by  experiment,  but  they  refer  to  the  performance  of  a 
similar  boiler,  the  boilers  of  the  steamship  "  Montana,"  which  would  seem  to 
corroborate  these  views.^  In  the  form  of  boiler  at  present  manufactured  by 
the  exhibitors,  the  tubes  are  connected  at  both  ends,  which  would  obviate  this 
trouble. 


FIG.  309. 


If  there  were  consumed  in  this  boiler  ^Ib.  of  combustible  for  every  square 
foot  of  heating  surface  per  hour,  the  percentage  of  perfect  absorption  would 
be,  computed  as  in  the  other  cases,  62*4  per  cent. 

In  comparing  this  boiler  experiment  with  those  made  under  atmospheric 
pressure,  and  the  ordinary  temperature  {60  deg.),  an  allowance  should  be  made 
for  the  greater  proportion  of  the  heat  necessarily  rejected  through  the 
chimney,  for  the  gas  must  at  best  be  discharged  at  the  temperature  of  the 
steam,  if  there  is  no  feed  water  heater. 

This  allowance  will  be  for  the  Howard  boiler  under  these  circumstances  of 
the  trial[(335— 35H-(2I2  — 60)=]  nearly  2  ;  the  heat  necessarily  wasted  in  the 
ordinary  atmospheric  test,  which  is  [(2i2~6o)-^(2240— 60)=]  6-8  per  cent., 
and  therefore  in  the  Howard  boiler  (2X6'8=)  13-6  per  cent. 

That  is,  if  the  Howard  boiler  had  been  tried  under  atmospheric  pressure, 
and  with  an  atmospheric  temperature  of  60  deg.,  the  percentage  of  heat  use 
fully  absorbed  would  have  increased  from  62.4  to  (62.4-^6.8=:)  69.2. 

The  same  reasoning  applies  to  the  boilers  tested  at  the  Fair  in  1871." 

*  Nautical  Magazine,  London,  November,  1873. 
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The  lo^  of  the  Allen  boiler  is  here  added  for  comparison. 

CALCILATIOX  OK  THE  LOG  OF  THE  ALLEN  BOILER, 
EXHIBITED  AT  THE  FAIR  OF  THE  AMERICAN  INSTITUTE, 
NOVEMBER,    187 1. 

Detenu i nation  of  the  heat  carried  away  by  the  condensing  water  discharged 
from  the  tank  during  the  twelve  hours'  trial  :-- 

Units. 
To  1.30  p.m.,  1056  cubic  ft.  at  62^  lb.^^,000  lb.  at  range  of 

1207°  F 7,966,200 

To  10,30  p.m.,  5480  cubic  ft.  at  62 J  lb.^342,500  lb.  at  range  of 

10^)08'  F 36,332400 

To  1 1-35  p.m.,  650  cubic  ft.  at  62  J  Ib.=40,625  lb.  range  of  50-5*  F.      2,051,562-5 


(<0  Total  British  thermal  units      46,350,162-5 


Determination  of   heat   carried  off   by  evaporation  at  the  surface  of   the 
tank  : — 

Units. 
116812  lb.  X  1008-8''  (latent  heat  at  1527*  F.)=(6) 1,178404-5 


Determination  of  heat  earned  away  by  water  of  condensation  : — 

Units. 
39,670  lb.  at  i7-98Mrange=63-48''— 45-5^)=(f)       713,266-6 

Total  heat  derived  from  fuel,  as  determined  above  : — 

Thermal  units. 

46,350,162-5-1-1, i78,404'5-|-7i3,266-6=       48,241,833 

Deduct  4  per  cent,  of  (a)  for  errors  (leakage,  and  meters)  ...      1,854,006-5 


Final  and  corrected  results  46,387,827*1 


British  thermal  units  per  lb.  combustible,  46,387,827* I -^ 4527=10,246-92. 
Equivalent  evaporation  of  water,  temperature  212"  F.,  atmosphere  pressure 
=  io,746-92-i-966-6=io-6o  lb. 

Apparent  results.  Real  results. 

Water  evaporated  per  lb.  of  coal      S^^TO^^.^g  3?670_^.^g 

5375  5375 

Water  evaporated  per  pound  of  combustible         ...     ^^—L  ^8*76^^-^^=876 

4527  4527 
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Phihulclphia  ExhihUioii,  iHjO. — Of  similar  interest  and  import- 
ance are  the  records  of  tests  ol  various  boilers  which  were 
carried  out  at  the  Centennial  Exhibition,  at  Philadelphia  in 
1876,  and  at  the  Electrical  Exhibition  held  in  the  same  place 
in   1884. 

The  fv)llo\vin;L;  Table  >^ives  a  summary  of  the  principal  dimen- 
sions of  the  various  boilers  tested  m  1876  : — 


Table  LXXV. 

PHII.ADM  I'HIA    KxuntlllOX.    \>^-j(\      SlKhACKS   AM)    VoLlMKS   OF    STKAM 
HclMK^     ri'SII-.l),    MOSTLY    SKCT1i»\AI.. 


OMigwtida  of  Boilw. 


Am  of 
Fire- 
grate 


Hcatbg  SvfMi. 


Water.        Steam.        Tool 


Ratio 

oC 
Water- 


SuHikce 

to 
Gtate- 


Wiegand 

Harrison  

Firmenich , 

Rogers  and  Black...., 

Andrews , 

Root 

Kelly  (including  yi  ) 
of  water-heater)    ] 

Exeter 

Lowe 

Babcock  and  Wilcox 

Smith 

Galloway 

Anderson 

Pierce 


Eq.  fecL 

23 

15.41 
21 

18.43 
42 


sq.  feet 
1289.70 

627 
lOOI.IO 


288.04 

i45»-77 
27-50    575.06 


30 

22.50 

44.50 

25 

36 

36 

25 


Z005.06 

687.88 

1676.32 

1146.43 

852.54 
630 


■q.  feel. 

49.67 
274 
30 

218.36 
146.66 

60.48 

557-94 
65.76 

7-57 
485 


■q.  feet 

»339.37 

901 

1031.10 

399.75 
506.40 

1598^43 

1563 

753.64 

1676.32 

"54 
852.54 
1115 

349.33 


30.7 
27.3 
64.3 
19.0 

15.6 
34.6 

20.9 

33-5 
30.6 

37-7 
45.8 
237 
17.5 
14.0 


ctt.<eet 

181.36 

54.09 

145.12 

36.15 

80.74 

116.68 

58.17 

83.77 
X4O.18 
229 
136.12 
562.91 
66.90 
20.  XI 


Ctt.  feet     en.  feet 

44. i8j  225.54 

23.721     7781 
92.2O1  237.32 


24-85 
25-45 
4569 

27.97 

44.60 

50.90 

137.85 

127.39 

Z69.I2 

55-75 
43-" 


61.00 
106.19 
'62.37 

86.14 

128.37 
X91.08 
366.85 
263.51 
732.03 
122.65 
63.22 


The  results  obtained  in  these  trials  have  been  pnblished  with 
some  sli^i^ht  variations  by  the  makers  of  certain  of  the  boilers,  but 
the  following  Table  gives  those  accepted  by  the  late  D.  K. 
Clark  as  an  impartial  jud^e  in  the  matter  : — 
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These  trials  are  arrani^ed  under  the  two  heads  of  "  capacity  " 
and  "  economy  "  ;  **  capacity  "  being  taken  as  the  quantity  of 
water  evaporated  per  hour  or  evaporative  power,  and  ''economy" 
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2.  Coal  consumed  per  hour^ 

per  sq.  ft.  of  fire-grate..  /     " 

3.  Refuse  per  hour 

4.  Do.    percent p.  wnt. 

5.  Combustible  per  hour...   peond*. 

6.  Do,  do.  per  sq.  foot  of  1 

7.  Temper,  of  feed-water. . . .    Fkhr.  • 

8.  Water  consumed  per  hr.,  \      - 

apparently  evapolratedj 

9.  Water    evaporated    per  \ 

hour^    corrected    for    ■     .. 

quality  of  steam / 

la  Do.    do.  do.  per  square  \ 

foot  of  fire-grate /     " 

II.  Do.  per  pound  of  coal...    pomdi. 
13.  Do.  per  pound  of  coal,\ 

from  and  at  313^  F /     " 

13.  Do.  per  pound  of  com-\ 

hustihli* 1     •• 

5*" 

1 

K 

4- 

1 

a 
e 

i 

J' 

161  Superheating  of  steam...  d«f».  p. 
17.  Temperature    of    burnt^-.    . 
gases  leaving  the  boiler  /   ' 

as  quantity  of  water  evaporated  per  pound  of  fuel  under  ordinary 
working  conditions.  A  comparative  view  of  the  performances 
of  these  various  boilers  is  afforded  by  Table  LXXVI.  ; — 
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Some  figures  enabling  a  comparison  to  be  made  between 
these  and  the  Howard  boilers  already  referred  to,  will  be  found 
in  Engineering,  Vol.  xxiii.,  p.  176. 
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The  follovvin^^  diagram,  Fig.  310  (published  in  the  1884  editbn 
of  Steam  by  the  Babcock  and  Wilcox  Company)  exhibits  the 
effects  of  comparing  these  various  boiler  trials  in  respect  of  several 
elements  : — 


The  following  remarks  accompanied  this  diagram  : — 

"  Entirely  independent  of  the  question,  which  boiler  is  the  best  for  use  ? 
there  is  an  inquiry  of  great  interest  in  a  scientific  point  of  view,  and  that  is 
What  elements  in  the  cc^nstruction  or  arranjjement  of  the  boilers  tested  con- 
tributed to  the  difference  in  results  ?  Not  enough  data  are  given  to  enable  us 
to  solve  this  problem  ;  but  to  show  what,  if  any,  effect  certain  elements 
produced,  we  have  con>tructed  the  annexed  diagram.  The  height  of  the  dia- 
gram is  15  centimeters,  and  represents  the  theoretic  vitlnc  of  the  combustible 


"^-.. 
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used  in  the  experiments.  In  the  line  of  "  economy  "  the  boilers  are  arranged 
in  tl.e  order  of  their  relative  economy,  as  shown  in  the  Table.  The  distance 
of  this  line  from  the  base,  relative  to  the  whole  heiji*ht,  gives  the  percentage 
of  useful  effect  in  each  case,  and  it  is  the  relatii)n  of  the  other  lines  to  this 
that  we  have  to  study. 

'*  If  we  exiunine  the  line  representing  the  evaporation  per  square  foot  of 
surface,  we  are  struck  at  once  by  the  fact  that  it  bears  no  relation  whatever 
to  the  line  of  economy.  Now,  we  know  that  in  any  given  boiler,  this  fre- 
quently has  a  marked  effect  in  that  respect  ;  other  things  being  equal,  the 
slower  the  rate  of  evaporation  per  square  foot,  within  certain  limits,  the 
higher  the  economical  results.  But.  as  the  value  of  the  heating  surface  under 
differing  arrangements  varies  in  a  much  greater  ratio  than  the  effect  of 
forcing  a  given  surface,  as  our  diagiam  shows,  no  general  rule  can  be  made 
to  apply.  The  same  remarks  will  apply  to  the  lines  representing  the  rate  of 
combustion  per  square  foot  of  grate,  and  the  ratio  of  heating  surface  to  grate 
surface.  These  latter  must  have  a  conjoined  relation  to  the  rate  of  evapora- 
tion, modi  tied  also  by  the  quality  of  the  heating  surface  :  but  for  the  same 
reason  above  given,  no  general  relation  exists  between  them  and  the  econom- 
ical effect  in  different  boilers.  To  show  this  more  perfectly,  we  have  drawn 
ail  average  line  in  each  case  (not  including  the  very  erratic  results  of  the 
Pierce  boiler,  for  reasons  above  given),  and  it  will  be  seen  thereby,  that  boilers 
at  the  extremes  of  economy  had  an  average  of  each  of  these  conditions. 
The  diflerent  results  are,  therefore,  to  be  attributed  to  difference  in  the  con- 
struction of  the  boilers,  by  which  the  heating  surface  was  rendered  more 
effective.  The  fact  that  the  best  economic  results  were  obtained  by  a  boiler 
under  average  conditions  in  other  respects,  is  signiticant,  and  shows  that 
more  is  to  be  hoped  for  through  improved  construction  and  arrangement, 
than  from  extremes  in  proportion. 

'*  The  line  representing  the  heat  in  Hue,  as  was  to  be  expected,  bears  a 
general  ratio  to  the  total  losses,  though  not  directly  in  each  individual  case. 
This  line  is  probably  too  low  in  every  case,  as  it  undoubtedlv  is  in  several, 
where  the  temperature  in  the  flue  is  given  as  lower  than  that  of  the  steam, 
which  could  only  result  from  the  leaka;;e  of  air  into  the  Hue.  As  it  is  not  to  be 
supposed  that  such  an  error  could  have  been  permitted,  the  discrepancy  is 
probably  chargeable  to  the  pyrometer  used." 

It  is,  however,  quite  possible  to  read  this  diagram  in  another 
light. 

Philadelphia  Electrical  Exhibition^  1884. — At  the  International 
Electrical  Exhibition  at  Philadelphia  in  1884,  trials  of  two 
sectional  or  water-tube  boilers,  viz  :  the  Root  and  the  Harrison^ 
and  two  shell  or  multitubular  Hue-tube  boilers,  viz  :  the  Dickson 
and  the  Bahhdn^  were  carried  out. 

Table  LXXVII  gives  the  principal  dimensions  of  these 
boilers  : — 


33^ 


THE  PRACTICAL  PHYSICS  GF 


Table  LXXVl I.— International  Electrical  Exhibition,  1884.— Surfaces 
AND  Volumes  of  Steam  Boilers  Tested  :  Sectional  and  Multitubuljir. 


Nominal  horse-power,  rated  by  makers... H. P. 

Water-heating  suiiJEu:e sq.  ft 

Steam-healing  surface. „ 

Total  heating  surface „ 

Grate-area „ 

'  Ratio  of  grate-area  to  heating  surface 

Heating  surface  per  horse-power. sq.  ft 

Grate-area  per  horse-power „ 

Height  of  chimney  above  level  of  grate. . .  .feet 
Steam-room  in  boiler  cu.ft. 


150 
1440 

360 
x8oo 

50 
I  to  36 

12 

•51 
44.5 
7.65 


fOO 

948.5 

349 
1297^ 

35"3 
I  to  37 

13 
•35 
44.5 
29.^ 


76 
841 
«.5 

843.5 
3I-4I 
I  to  26.8 
ii.i 

.41 
28.6 
67 


50 
663.3 

'36-3 
799.6 

21 

11038 

16 

.4* 
44.5 


The  principal  results  of  the  performance  of  these  boilers  arc 
given  in  Table  LXXVIII  :— 

Table  LXXVIII.— International  Electrical  Exhibition,  1884:— 
Comparative  Performance  of  Steam  Boilers. 


Desicnataoo  of  BoQcr. 


Duration  of  trial hours 

Coal  consumed  per  hour,  including  equi-    I  -^„n  j. 

valentofwood ^pounas 

Do.  do.        persq.  ft  of  fire-grate.      „ 

Refuse  per  hour.. „ 

Do.     per  cent p.cent 

Combustible  per  hour pounds 

Do.  do.      per  square  foot  of    ) 

grate f      " 

Temperature  of  feed-water. Fahr. 

Water  evaporated  per  hour cub.  ft 

Water  evaporated  per  hour  per  sq.  fL  of    I 

fire-grate I       " 

Water  evaporated  per  pound  of  coal pounds 

Water  evaporated  per  pound  of  coal,  from  ) 

and  at  212"? )      " 

Water  evaporated  per  pound  of  combus- 1 

tible f      " 

Water  evaporated  per  pound  of  combus- ) 

tible  from  and  at  212'  F j      " 

Priming,  or  moisture  in  steam p.cent 

Superheating  of  steam degs.F. 

Te«iperature  of  burnt  gases  in  chimney Fahr. 

Effective  steam-pressure  per  square  inch lbs. 

Barometer inches 

Draught  in  chimney „       \ 

Temperature  of  the  air. Fahr. 

(lbs. 

Air  consumed  per  pound  of  coal <   ctfb.  ft 

lat62'*F. 


Rooc       Harmea.    Dicksoo.    BaJdi 


36 
SO2.5 
XO.05 

74 

14.7 

428.5 

8.6 

7i'.6 
60.06 

Z.20 

7.45 
8.79 

8.75 
10.32 

9^4 
370^ 

91.4 
30.3 


r 
22.29 

«93 


36 
328.0 

9.3 

41 
12.5 
287.0 

8.2 

68'.8 
41.22 

1.17 

7.84 

9.25 

&96 

10.57 


41 1' 
95.8 

30-3 
.24 

natural 

$«• 

20.06 
264 


36 

558^0 
17.8 

140 
25.0 

418.0 

13-3 
67^.2 
61.06 

1.94 
6.83 
8.06 

9.12 

ia76 

1-55 

83.5 
303 

•'5 

■team  jet 

.18.74 
246 


u 

*53-» 
12.0 

27 

10.7 
226.2 

10.8 

59"*.9 

2545 

1. 21 

6.27 

7.40 

7.02 

8.28 

7^o 

347' 
98.7 

30-3 

2a24 
266 
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Fletcher's  Trials. — To  conclude  this  survey  of  trials  of  land 
water-tube  boilers,  we  add  the  results  of  comparative  trials  of  a 
Sinclair  boiler  and  a  Lancashire  boiler  as  carried  out  by  Mr. 
Lavington  E.  Fletcher.*  The  Sinclair  boiler  was  of  75  nominal 
horse  power,  and  was  composed  of  115  water-tubes  of  lift.  9  ins. 
long  and  4  inches  diameter.  The  Lancashire  boiler  was  25ft. 
3  ins.  long,  and  7  feet  in  diameter,  with  two  furnace  tubes 
2  ft.  9  ins.  in  diameter.     The  respective  areas  were  : 


Grate  area 
Heating  surface 
Ratio  of  above 


Sinclair,         Lancashire. 
395  sq.  ft.         366  sq.  ft. 
15070     „  6985      „ 

I  to  381     „     I  to  191       „ 


The  boilers  were  fed  with  cold  water,  and  the  leading  results 
were  as  follows  : — 


Table  LXXIX. 
Sinclair  and  Lancashire  Boilers  :— Comparative  Trials. 


Designation  of  Boiler. 


Duration  of  trial 

Pressure  of  steam  in  boiler , 

Coal  consumed  per  hour 

Da         do.       per  sq.  foot  of  grate . . . 

Temperature  of  feed-water 

Water  evaporated  per  hour 

Do.  do.         per  sq.  foot  of  grate 

Do.         do.         per  pou  nd  of  coal . . . 

Do.         do.         fromvid  at  212°  F. 

Temperature  in  flue,  beyond  damper 


30  lbs.  to  3  5  lbs.  35  lbs.  to  40  lbs. 


7  hours 


5.86  cwt  = 
656  lbs. 
z6.6    „ 

88°.8 
75.90  cu.  ft. 

1.92     „ 

7.23  lbs. 

8.31  » 

450*  F.    { 


7  hours 


7.57  CWL  = 
848  lbs. 

23- 1 7  » 
8o°.6 
78.76  cu.  ft 

5.80  lbs. 
6.67    „ 
800*"  and  up- 
wards 


4}^  hours 

3olbs.t035lbs. 

7.45  cwt  = 

833.7  lbs. 

22.77   >* 

85^2 

78.20  cu.  ft. 

2.14    „ 

,5.86  lbs. 

'6.74  » 
800**  and  up- 
wards 


Comparative  Space  Occupied. — A  rough  comparison  of  the  space 
occupied  by  various  types  of  land  boilers  is  afforded  by  the 
following  tabular  statement,  published  by  J.  H.  Ashby  in  a  paper 
on  water-tube  boilers  in  Proc.  Cleveland  Inst,  of  Engineers 
(3rd  October,  1898)  :— 


1  See  *•  The  Engineer"  24  August,  1877,  p.  129. 

Reports  of    the    Manchester    Steam    Users    Association,   November  and 
December,  1877. 

Also  "  The  Steam  Engine,"  by  D.  K.  Clark,  Vol.  i,  p.  274. 
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Typ«  of  boiler. 


Lancashire  with   Ihrce 
Hues 

Laiicasliire    with    two 
flues 

E^g-t''Hled 
Babcock  and  Wilcox 
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Table  LXXX. 


30  ft.  by  8  ft.  ()iii. 
diameter 

30  ft.  by  8  ft. 
diameter 

60  ft.  by  4ft. 
diameter 

2852  sq.  feet 
heating  surface. 


Space  occupied  over 
setting  with  combus- 
tion chamber. 

Mean 

evaporation 
per  hour. 

46  ft.  by  13ft. 

800 

40  ft.  by  12  ft. 

6-50 

6  ins. 

62  it.  by  8  (t. 

2-50 

32  ft.  by  10  ft. 

1300 

10  ins. 

Doukins  Experiments. — A  summary  of  twenty-one  experiments 
was  published  by  Mr.  Bryan  Donkin  in  Engitieehng  (20  Sept., 
1895),  Vol.  Ix.  p.  347. 

The  following  tables  give  particulars  of  the  dimensions  of  the 
boilers,  and  of  the  results  of  the  various  trials. 
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These  results  were  plotted  in  a  diagram  giving  a  graphic 
representation  of  them  arranged  in  the  order  of  the  thermal 
efficiencies  yielded  by  the  trials.  Three  locomotive  trials  were, 
however,  treated  separately  on  account  of  the  conclusion  that 
some  priming  had  taken  place  in  their  case. 

The  following  Fig.  311  is  a  reproduction  of  the  diagram  : — 


I \  1' f^^' J"!."-  ."^'T*"'  **' '>'7**"' 


I  i  '  M*'^     J  ■" 


^^ 


FIG.  311. 
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Marine  Boilers. — In  the  early  days  of  the  introduction  of  steam 
of  high  pressure,  generated  in  sectional  or  water-tube  boilers, 
into  steamships,  the  performance  of  the  boilers  was  not  noted 
separately,  the  main  point  of  observation  having  been  the 
quantity  of  coal  consumed  for  the  power  developed  by  both 
boilers  and  engines.  Consequently  there  is  only  a  meagre 
supply  of  details  available  in  the  case  of  the  boilers  which 
were  used.  Published  details  of  the  engines  are  much  more 
complete. 

Rowan  and  Horton  Boilers. — ^Table  LXXXVI  contains  some 
particulars  of  the  working  of  Rowan  and  Horton  boilers,  of  both 
cellular  and  water-tube  designs,  during  a  period  from  the  year 
1858  to  1874.  Of  some  other  examples  no  record  whatever  has 
been  kept. 

The  S.S.  "  Actif,"  which  was  a  dispatch  boat  of  the  French 
Navy,  was  fitted  in  1869  with  the  early  form  of  Belleville  boilers, 
to  replace  those  of  Rowan  and  Horton,  the  original  engines 
remaining. 

The  boiler  of  the  S.S.  ''  Thetis  "  was  of  Craddock^s  design, 
modified  to  some  extent  by  Rowan  and  Horton  ;  those  of  the 
other  vessels,  down  to  and  including  the  S.S.  "  Actif,^*  were  of 
Rowan  and  Horton's  cellular  design,  whilst  those  of  the 
"  Haco,"  ''  Propontis,"  "  Nepaul,"  and  *'  Bengal,"  were  of  the 
Rowan  and  Horton  water-tube  form,  as  also  were  the  second 
sets  of  boilers  fitted  in  the  steamers  "  Punjaub,"  "  Oude,"  and 
"  Burmah,"  in  1873-74.  The  cellular  boilers  were  also  fitted 
in  the  steamers  "Progress"  and  "  Ballina,"  and  the  S.S. 
"  Western,"  these  having  been,  Hke  most  of  the  others,  con- 
structed by  Messrs.  R.  Stephenson  and  Co.,  of  Newcastle-on- 
Tyne. 

Although  in  all  these  steamers  the  power  was  produced  with 
what  was  in  those  days  a  startling  economy  of  fuel,  and  at 
a  rate  of  combustion  per  I.H.P.  not  surpassed  as  yet,  nevertheless 
the  conditions  of  slow  combustion  under  which  the  boilers  were 
worked,  made  it  necessary  to  have  a  large  amount  of  heating 
surface,  the  unit  of  which  consequently  did  not  show  a  high 
evaporative  efficiency. 
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ROWAN 

AND 

HORTON     BOILERS. 

Name  of  Vessel. 

Pressure 
of  steam 
lbs.  per 
sq.  in. 

Total  heat- 
ing surface 
sq.  feet. 

Grate 

area  sq. 

feet 

Con- 
sumpt'n 
of  coal 
p.I.H.P. 
hour  lbs. 

Date  of  trials. 

S.S.  Thetis     

115 

I92315 

36 

roi 

Nov.  20,  1858. 

??             11 

90 

— 

— 

1-20 

Aug.  12,  1859. 

»»                n 

170 

Mean  of  14  voyages. 

May  14  to  Aug.  25, 

1859. 

S.S.  Queen  of  the  Isles 

98 

880 

19-44 

1-74 

Sept.  29,  i»6o. 

S.  Guajara      

102 

2752 

50 

1-50 

Jan.  15,  1861. 

S.  Diamantina 

111-5 

1650 

24 

142 

Jan.  22,  1861. 

n                 ti 

105 

1-86 

Coal  includes  laying 

fires  April  17  to  26, 

1862. 

n                >> 

120 

— 

— 

1-23 

Jan.  30,  1 861. 

g^l    S.S.  Sicilia      

120 

1-6 

July,  1861. 

115 

1-36 

Aug.  15,  i86i. 

'-'    S.S.  Italia       

120 

1135-6 

48 

1-5 

Dec.  30,  1 86 1. 

■£\   S.  Punjaub     

120 

3960 

66 

f 

Mean  of  22  trials. 

|[  S.  Oude          

120 

1-7 

from  June     13    to 

ff   S.  Burmah      

120 

[ 

Aug.  30,  1861. 

S.S.  Actif        

120 

3740 

62 

1-6 

Feb.,  1862.     . 

S.S.  Haco       

150 

1805-5 

1*7 

Oct.,  1870. 

S.S.  Propontis 

131-4 

8700 

121-6 

r6 

Mean  of  63  obser- 
vations, April  7  &  8, 
1874. 

i»            ♦» 

132-9 

1-64 

Average  of  voyages, 

June  30  to  July  16, 

1874. 

More  Recent  Trials.— The  following  Tables  contain  records  of 
trials  of  various  marine  water-tube  boilers  of  later  date,  and 
they  explain  themselves. 
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Table  LXXXVIII. 

Boilers   in   preceding  Table   with  Thornycroft   boiler  of    Torpedo    boat 
'Ariete"  added.     Arranged  by  Engineer  R.  S.  Giffen,  U.S.N. 


Boilers, 


Ward  (Launch)  . 

Towne 

Herreshoff 

Ward  (Launch)  . 

Belleville 

Thornycroft 

Scotch 

Herreshoft 

Ward  (Large)     . 

Towne 

Scotch 

Ward  (Launch)  . 

Lotomoiive 

Locomotive 


I 


combustible,      cubic  toot. 

I 


hcatinji 
surface. 


Weight  per  | 
sq.  ft.  heating" 
I      surface.      I 


•159 
•190 
•301 

•501 
•823 
•870 

•930 
1122 
1-148 

1-415 
1427 
2220 

2728 


1077 
13-40 
10-23 
lOOI 

10-42 
10-83 

993 
8-68 

8-44 
6-77 
906 
701 
774 
7 '35 


3413 

2945 
3413 
1-228 

2- 1 80 

1-268 

2-9  \5 

3-391 
3-6CH 

1-268 

3413 
1-771 
1-771 


1x2x3 


13-2 

•443 

21-8 

'431 

148 

•613 

13-2 

•836 

53-2 

120 

10-2 

1905 

41-2 

•266 

14-8 

r6o6 

12-3 

2-615 

21-8 

1-317 

41-2 

-395 

13-2 

2-586 

31-3 

•978 

3»-3 

ri34 

Table  LXXXIX. 

MARINE    BOILERS. 

Ward  and  Scotch  boilers  in  "  Monterey  "  and  navy  tugs. 


Weight.        I  Grate  Surface.    Heatin.n  Surface. 


Scotch...        90,040  lbs.    I     HH  sq.  ft. 
Ward  ...        34,720  lbs.    I  30S  sq.  ft. 


2,840  sq.  ft. 
11,880  sq.ft. 


l.H.P,         Speed  of  Vessel. 


373       I  iri4  knots. 
524       I  13-1     knots. 
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The  tests  referred  to  in  the  next  table  were  carried  out  by 
Engineers  of  the  United  States  Navy,  who  had  the  opportunity 
of  testing  the  two  systems  of  boilers  under  fairly  similar 
conditions. 

Preliminary  tests  were  first  made  on  a  boiler  which  had  h)een  in  use  for 
several  years  at  the  company's  works  at  Elizabethport,  New  Jersey,  with  the 
boiler  burning  5olb.  of  coal  per  square  foot  of  grate  area.  This  boiler 
occupied  an  area  on  floor  of  lo^ft.  by  8ft.,  the  height  being  12ft.  lofin.,  and 
with  heater  15ft.  7in.  The  total  grate  area  was  38^  square  feet,  heating 
surface  1337^  square  feet,  excluding  215  square  feet  in  the  feed  water  heater. 
The  weight  of  the  boiler  was  39,8181b.,  and  with  water  it  was  49,2571b.,  equal 
to  3171b.  per  square  foot  of  heating  siu-face,  and  i279-4lb.  per  square  foot  of 
grate  area. 

The  pressure  of  steam  was  1711b.,  the  air  pressure  in  ashpit  equal  to  '8891b., 
at  the  base  of  smoke  pipe  '54ilb.,  and  in  furnace  'i681b.,  the  draft  being 
forced  by  a  steam  jet  at  the  base  of  the  smoke  pipe  and  by  a  Sturtevant  fan. 
The  actual  rate  of  combustion  was  44'i661b.  of  fuel  per  square  foot  of  grate, 
but  allowing  for  the  dry  refuse  from  the  ashpit,  410771b.  per  square  foot,  the 
evaporation  from  and  at  212  degrees  t>eing  8'472lb.  per  lb.  of  actual  fuel,  or 
9* 1 091b.  per  lb.  of  net  "  combustible."  After  the  test  was  completed  the  fires 
were  drawn  and  the  water  blown  out.  Two  workmen  with  two  helpers  then 
split  both  ends  of  a  lower  tube,  drew  it  out,  put  in  a  new  one,  expanded  it, 
and  replaced  the  caps  ready  for  water  in  22^  minutes.  The  internal  surface 
was  clean,  but  there  was  a  considerable  quantity  of  soot  baked  on  the 
outside.  There  was  no  cleaning  or  sweeping  during  the  trial,  and  after  the 
24  hours'  run  2361b.  of  soot  were  removed  by  a  steam  jet. 

The  trials  on  ship-board  are  still  more  significant,  since  comparison  is 
afforded  with  Scotch  boilers.  The  American  Lake  steamers  "  Zenith  City " 
and  the  "  Victory "  are  400ft.  long  over  all,  and  at  16ft.  draught  displace 
6617-9  tons.  They  have  triple-expansion  engines,  the  "Victory"  having 
cylinders  23in.,  38in.,  and  63in.  diameter  by  4Cin.  stroke.  The  high-pressure 
cylinder  of  the  "Zenith  City"  is  lin.  less,  to  compensate  for  higher  steam 
pressure — that  is  the  only  difference  in  machinery.  But  the  "  Zenith  City  " 
has  two  Babcock  &  Wilcox  water-tube  boilers  ;  the  "  Victory  "  two  Scotch 
boilers.  The  grate  surface  of  the  former  is  134  square  feet,  of  the  latter  144  ; 
the  heating  surface  being  respectively  6800  and  5715  square  feet.  Thus  the 
ratio  of  heating  surface  to  grate  area  is  in  the  water-tul)e  boilers  507  to  i, 
and  in  the  multitubular  boilers  396  to  i.  The  total  weight  in  steaming 
condition  is  in  the  case  of  the  water-tube  boiler  173,8761b.,  in  the  other 
3357^7'^, — nearly  double — so  that  the  weight  per  squaie  foot  of  heating 
surface  is  25'57lb.  to  58  71b.  in  the  old  type.  Xow  for  results,  the  water-tube 
boiler  figures  being  given  first  in  each  case.  The  average  horse-power 
developed  on  the  run,  24  hours  in  the  one  case  against  9^  hours  in  the  other, 
was  1540-19  against  1438-8  I.H.P.,  which  is  equal  to  11-5  and  9-99  per  square 
foot  of  grate.  The  coal  burned  per  square  foot  of  grate  area  was  25*94lb. 
against  22-52lb.  The  economy  of  consumption  was  in  favour  of  the  multi- 
tubular boiler,  although   the   difference   is   not  great,  having  been  2*2561b. 
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per  I.H.P.  per  hour  against  2'24lb.  in  the  multitubular  boiler.  In  other  two 
trials  of  shorter  duration  the  water-tube  generator  only  required  2'2i6  and 
2-i87lb.  per  I.H.P.  hour  and  the  "  Victory  "  2i81b-  The  water  evaporated  per 
lb.  of  coal  was  7lb.  in  the  case  of  the  water-tube  boiler,  but  the  water  meter 
got  broken  in  the  "Victory."  The  "Victory"  steam  pressure  was  1751b., 
and  the  funnel  50ft.  above  grate  gave  a  good  draught,  as  high  at  times  as  '4in. 
The  water-tube  boilers,  it  is  stated,  gave  no  trouble.  There  was  abundant 
steam  at  20olb.  pressure,  much  steam  being  wasted  through  the  blow-off 
valve,  owing  to  irregular  firing.  As  to  wetness  of  steam,  that  from  the  water- 
tube  boiler  was  always  drier  than  that  from  the  multitubular  boilers.  In  the 
former  case  the  amount  of  moisture  averaged  3-ioths  of  i  per  cent.,  against 
2|  per  cent,  in  the  case  of  the  Scotch  boiler.  Finally  the  weight  of  the 
water-tube  boilers,  including  fittings,  &c.,  under  steam  is  io61b.  per  I.H.P., 
less  than  half  that  in  the  case  of  the  multitubular  boilers  in  question. 


Table  XC. 

COMPARISON   OF   BOILERS   IN  STEAMERS  "ZENITH   CITY' 
AND  "VICTORY." 


Kind  of  boilers  and  number      ... 

Grate  surface        

Heating  surface 

Ratio  of  heating  surface  to  grate 
surface  

Total  weight  with  water 

Weight  per  square  foot  of  heating 
surface  

I.H.P.  developed 

I.H.P.  per  square  foot  grate  surface 

Coal  burned  per  square  foot  grate 
surface  

Coal  burned  per  I.H.P.  per  hour 

Duration  of  run    

Steam  pressure  per  square  inch 

Moisture  in  steam  

Weight  per  I.H.P 


2  Water-Tube 

2  Scotch 

134  sq.  ft. 

144  sq.  ft. 

6800  sq.  ft. 

5715  sq.  ft. 

507  to  I 

39*6  to  I 

173,876  lbs. 

335,787  lt)». 

2557  lbs. 

587  lbs. 

154019 

1438-8 

1115 

999 

2594  lbs. 

2252  lbs. 

2256 

224 

24  hours 

9j  hours 

200  lbs. 

175  lbs. 

Aths  of  I  % 

21% 

106  lbs. 

213  lbs. 
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Table  XCL 

COMPARISON  OF  WARD  AND  COVVLES  BOILERS. 


Grate  surface square  feet 

Heating  stirf ace  square  feet 

Ratio  of  heating  surface  to  grate  surface    ...  

Weight  of  boiler  empty,  no  smoke  pipe     tons 

Weight  of  lx>iler  with  water  tons 

Boilers  for  "  Monterey  "         number 

Grate  surface  of  each 

Heating  surface  of  each         

Weight  empty tons 

Weight  with  water      tons 

Duration  of  test  hours 

Fuel  consumed,  total pounds 

Refuse  from  fuel  pounds 

Combustible  consumed,  total pounds 

Total  feed  water  pounds 

Temperature  of  feed degs. 

Steam  pressure pounds 

Air  pre8sure:=inches  of  water  

Coal  per  hour  per  square  foot  of  grate  surface     

Combustible  per  hour  per  square  foot  of  grate  surface    ... 

Apparent  evaporation  from  feed  temperature  at  steam 
temperature  per  lb.  of  coal        

Same  per  pound  df  combustible       

Actual  evaporation  per  hour  for  lo  hours'  feed  at  120", 
steam  160  lbs.  pressure 

Actual  evaporation  per  hour  per  square  foot  of  heating 
surface       

H.P.  which  I  boiler  will  furnish  from  heating  surface  at 
20  lbs.  steam  per  I.H.P.  per  hour         

H.P.  from  whole  number  of  boilers  


Ward 


Cowies. 


53 

2473-5 

4667 

11-84 

1385 

4 

75 

2,938 

r3*58 

15-86 

24 
70,022 

3,389 

66.633 

461,885 

504 
160 
2 
5505 
524 

660 
693 


47 

202675 

4312 

975 

11-55 

6 

47 

1998-5 

9*6 

1265 

2415 
45.620 

6,327 
39»293 
280,822 

58 

160 

2 

4019 

3462 

616 

7-15 


19,105    I  14- 192 


7724 

1139-5 
4558 


7*002 

709-6 
4257-6 
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Table  XCII. 

COMPARISON    OF    RESULTS    OF    TESTS    OF    THE    WARD,  THE 

COWLES,    AND    THE    SCOTCH    BOILERS    OF    THE    "  SWATARA," 

EACH    MADE   WITH   AN  AIR  PRESSURE  =  2    INCHES  WATER. 


Ward. 

Cowled. 

lbs. 

lbs. 

11795 

•93204 

11224 

•80278 

6-8093 

57376 

8-2941 

73287 

18-6075 

14-0188 

1485-4 

1209-8 

Scotch. 


1.  Coal  per  square  foot  heating  surface, 

per  hour 

2.  Combustible,     „ 

3.  Water  evaporated,       , 

4.  Equivalent  evaporation   from   and   at 

2 1 2^  and  atmospheric  pressure 

5.  Evaporation  per  hour  per  cubic  foot 

space  occupied,  and  as  above 

6.  Evaporation  per"hour  per  ton  of  steam- 

ing weight,  and  as  above     ... 


lbs. 

10658 

-8717 
6-9710 

87678 

8-396 

455762 


Ti 
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Thomycroft  Boiler.  —  Careful  experiments  conducted  by 
Professor  A.  B.  W.  Kennedy  with  the  Thornycroft  Water-tube 
Boiler  gave  the  following  results  : — 

Table  XCV. 

TRIALS    OP   THORNYCROFT    MARINE    BOILERS. 


A 

o 

c 

• 

■ 

Date         ...       ^       ^       «. 

Nov.  ai,  ittS 

Nov.  36, 1888 

Nov.  34, 1888 

Nov.  33,1888 

Nov.  39^  1888 

DuraboD 

5  hrs.  a  min. 

4hra.57min. 

5hrsu9mln. 

4liours. 

sboors. 

Atmotpheric  prcMure 

14-do  lbs.  per 

i4«M>^P«r 

14-80  lbs.  pet 

14-84  lbs.  per 

X4-4Slte.pcr 

sq.  in. 

sq.  In. 

sq.in. 

sq.ln. 

aq.ia. 

BoUcrprewure 

ia6-oolbs.per 

x8r8o  lbs. 

171*30  lbs. 

149*40  lbs. 

180-50  lbs. 

8q.in. 

persq.la 

persq.ln. 

per8q.in. 

persq.in. 

Boiler  prcMure,  abaolute 

aoo^lbs. 

19^35  lbs. 

'V^r 

i94^.P«r 

pcrsq.in. 

persq.in 

persq.in. 

sq.fai. 

Air  premire  In  stokehold 

o-oo 

OXK> 

0-37 

0-49  in. 

3-00  in. 

Air  temperature  in  itokehold ... 

— 

691°  Fah. 

71-4*'  Fah. 

60-3°  Fah. 

63-xFalL 

Total  wd^t  of  coal  used      ... 

ittot>lbs. 

iooG'5  lbs. 

387rolbs. 

3575^0  lbs. 

3503^0  lbs. 

Total  weight  of  ashes 

ST't^'olbs. 

333*5  ibs. 

I97x>lbs. 

— . 

193-0  lbs. 

Wei^t  of  ashes  re-utcd 

None. 

133-5  «»■ 

170-0  lbs. 

Nooe. 

i92«IbaL 

Coal  burnt  per  hour     

334^  lbs. 

J03-3»bs. 

559X)lbB. 

894^  lbs. 

1751^  Iba. 

Area  of  6re  grate         

30sq.ft 

36-1  sq.  ft 

30sq.ft 

3Qsq.ft 

26-3  sq.  ft 

Coal  burnt  per  ft  grate  per  hr. 

irxolbs. 

774 1«»- 

x8-6olbB. 

39-80  lbs. 

668Dlbs. 

Total  feed  water  used 

— 

Ii39i7ibs. 

30i4ivlbs. 

34333-0  IbSw 

3x109-0  lbs. 

Feed  used  per  hour      

— 

3381  lbs. 

58S3lbm. 

8583  lbs. 

i5S54lbs. 

Feed  temperature        

78-4''  Fah. 

76-3  Fah. 

78«Fah. 

83*80  Fah. 

111-30  Fah. 

38jo  Fah. 

380-30  Fah. 

3755*  Fah. 

a^'S^Fah. 

37918°  Fah. 

Factor  of  evaporation 

1-192 

1194 

1-191 

I-I83 

1X58 

Water  erap.  per  lb.  fuel         \ 

— 

— 

— 

9«>Ibs. 

— 

Water  evap.  per  lb.  fuel         \ 
rfr>  With  ash  utilised     ^.      / 

— 

11-32  lbs. 

10-48  lbs. 

[10-30  Ibm.] 

8-89  lbs. 

andat«a«F.  (a) / 

_ 

, 

„_ 

11-35  lbs. 

.^ 

Equivalent  evaporation  from ) 
MdataijOF^      (b)         f 

„_ 

13  40  lbs. 

13-48  lbs. 

[13-00  lbs.] 

xo-29lbs. 

and  at  sza^  F.  per  lb.  car- 
bon value  In  fuel   ^.       ...J 

— 

1308  lbs. 

13-18  lbs. 

[II 70  lbs.] 

xOXHlbs. 

Temptfature    of    gases    in) 

474**  Fah. 

43iOFah. 

540°  Fah. 

6x60  Fah. 

777°  Fah. 

Air  pressure  In  chimney 

000  in. 

0-00  in. 

+  0-03  In. 

+  0X3  in. 

-».o-4ofa. 

Total  heating  surface 

i837«q.ft 

1837  sq.  ft 

i837«l.it 

1837  »q.  ft 

i837»q.«t 

Ratio  of  beaUng  surface   to) 
grate  area } 

6ra 

70-1 

6x-3 

6x-3 

7ori 

Water   evaporated    per    sq.) 
ft  of  heating  surface  per  hr.  f 

_ 

1-24  lb. 

3-30  lbs. 

470  lbs. 

8-soIbs. 

Mean  rate  of  transmission  of  \ 
heat  per  sq.  ft  H.S.  per  min.  / 

23-8  heat 

6it>heat 

89  heat 

158  heat 

— 

units. 

units. 

Inits. 

&ta. 

Lbs.  coal  per  I.H.P.  per  hour ... 

a-aao 

2-280 

11981 

IW» 

3-360 

Eificiencyofboaer      

— 

86-8  per  cent 

8r4perGcnt 

78-3  percent 

66^  per  cent 

Descriptive  details  of  these  trials,  with  analyses  of  the  fuel 
and  gases,  and  statements  of  the  heat  balances,  will  be  found  in 
Professor  Kennedy's  Report,  which  is  attached^  to  Mr,  Thorny- 
croft's  paper  in  Min.  Proc.  Inst,  C.  E.,  Vol.  xcix.^  pp.  41-147. 
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Belleville  Boiler.-^The  following  results  afford  a  contrast  in 
some  points  between  the  ordinary  cylindrical  or  "Scotch" 
boiler  and  water-tube  boilers  of  the  Belleville  design.  The 
experiments  were  published  under  the  authority  of  Mr.  Samson,  of 
Messrs.  Maudslays,  the  British  makers  of  the  Belleville  boiler : — 

In  order  to  ascertain  the  comparative  evaporative  efficiency  between  the 
ordinary  cylindrical  single-ended  boiler  and  boilers  of  the  Belleville  type,  the 
following  trials  were  ipade  : 

A  vessel  with  cylindrical  single-ended,  three-furnace  boilers  was  selected. 
Two  of  these  boilers  worked  in  battery  were  used,  the  total  grate  surface 
being  138  square  feet,  and  the  total  heating  surface  3,880  square  feet.  A  group 
of  four  Belleville  boilers,  having  a  total  grate  surface  of  135  square  feet,  and 
heating  surface  3,843  square  feet,  was  then  selected  for  experiment.  It  will 
be  observed  that  as  regards  grate  and  heating  surface,  the  boilers  above 
mentioned  are  practically  identical,  the  cylindrical  with  the  water-tube.  Trials 
were  made  in  order  to  ascertain  how  many  pounds  of  water  could  be  converted 
into  dry  steam  per  pound  of  coal,  burning  the  same  with  natural  draught  and  at 
approximately  equal  rates  of  combustion.  The  vessels  were  moored  along- 
side the  quay,  and  the  water  was  taken  from  the  town  main  and  measured 
carefully  into  tanks  before  being  pumped  into  the  boilers.  The  trials  were 
made  at  the  same  place,  by  the  same  staff,  with  the  same  quality  coal,  and 
under  as  nearly  as  possible  the  same  conditions,  in  order  to  render  the 
comparative  trials  perfectly  fair.    The  results  were  as  under  : 

Table  XCVI. 

BELLEVILLE  BOILERS^EVAPORATIVE  TRIALS. 
Pour  Boilers — 

Total  heating  surface  ...  ...  ...    3843  sq.ft. 

„    grate  „  ...  ...  ...      135     » 


Water 

Coal  Con- 

Evapo- 

DuraUon 

sumed  in 
Founos 

rated  per 
Poundof 

Equivalent 
Evaoora- 
tion  from 

steam 

Tempera- 
ture of 
Feed 
Water. 

g^^ 

ofTrUL 

"^iST 

Preteure 

Tempera- 

and at 

in  Boilert. 

Orate. 

ture  of 

aiio. 

Peed. 

hours 

lb. 

lb. 

deg.  Fahr. 

8 

18-8 

8-3 

10*24 

200 

40 

Best 

8 

1943 

91 

H-22 

200 

40 

Welsh 

8 

194 

90 

1 109 

200 

40 

It 

8 

245 

7-83 

9-58 

200 

50 

n 

8 

120 

8-5 

10-38 

200 

50 

»» 

8 

120 

916 

11-30 

200 

50 

It 

8 

9-2 

864 

10-57 

200 

50 

It 
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Table  XCVI.  continued. 

SINGLE-ENDED   CYLINDRICAL  BOILERS. 
Grate  surface  ...  ...  ...  ...      138  sq.ft. 


Heating 


3880 


Water 

Coal  Con- 

Evapo- 

DuraUon 

sumed  in 
Pounds 

rated  per 
Pound  of 

Equivalent 
Evapora- 

Steam 

Tempera- 
ture of 

QuaUtyof 

ofTriaL 

Grate. 

Coal  from 

tion  from 

Pressure 

Feed 

Cwi 

Tempera- 
ture of 

and  at 

212,0 

inBoUers. 

Water. 

Feed. 

hours 

lb. 

lb. 

deg.  Fahr. 

8 

12 

759 

124 

50 

Best 

8 

20 

802 

124 

50 

Welsh. 

8 

28 

7-85 

138 

50 

>i 

8 

12 

8-44 

no 

50 

If 

8 

20 

809 

no 

50 

»f 

8 

28 

••7-86 

132 

50 

»i 

//  should  be  noted  that  the  above  results  were  obtained  from  cold  feed  water ^ 
and  that  the  water-tube  boiler  raised  steam  to  200  lb  pressure  against  the 
cylindrical  boiler  at  from  no  lb.  to  138  lb. 

This  was  necessary  in  order  to  make  the  comparative  trials  perfectly  fair, 
because  although  in  the  Belleville  boiler  steam  was  raised  to  200  lb.  per 
square  inch,  it  was  reduced  to  135  lb.  per  square  inch  at  the  engines,  whereas 
in  the  cylindrical  single-ended  boilers  the  engines  were  supplied  direct  from 
the  boiler  at  the  working  pressure. 

The  cylindrical  boilers  were  to  Admiralty  scantlings,  and  weighed,  together 
with  water,  lagging,  fittings,  and  uptakes  complete,  about  100  tons.  The 
Belleville  boilers  weighed  with  castings,  brickwork,  fittings,  water,  and  all 
appurtenances  peculiar  to  the  system,  about  50  tons,  showing  a  saving  of,  say, 
50  tons  in  favour  of  the  water-tube  boiler. 

Some  interesting  results  obtained  from  trials  with  Lagrafel- 
D'AIlest,  Niclausse  and  other  boilers,  and  arranged  for  comparison 
with  some  cylindrical  boiler  tests,  were  given  by  Mr.  J.  T.  Milton, 
Chief  Engineer-Surveyor  of  Lloyds  Register,  in  a  lecture  on 
water-tube  boilers  at  the  Royal  United  Service  Institution 
(June  26th,  1895).    They  were  as  follows  : — 
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The  following  results  were  published  by  Sir  John  Durston  * : — 

Table  XCVIII. 


t  Ship  MM 

Boll«r. 


Tjrpoo* 


"  Seagull."  fitted  with  NiclauMe 


!} 


boUcra 

"Sheldrake."  fitted  with  Bab-) 
cock  and  Wilcox  boilers     ...  f 

"Sharpshooter"  fitted  with  ( 
BeUeville  boUers  without  •{ 
economisert ( 

BeUeviUe  boiler  with  econo- f 
misers.  Average  of  several-! 
trials      ...       \Z       I 


Hi 


lba.|Mr 


14*60 
24*20 

22*50 
1500 
25*00 

2X-O0 
13*10 
9190 


30-13 


at  M  dtg,  P. 


••r  «q.ft 

llMLtillg 

■nrfam 
Pbhour. 


4"9I 
7*31 

4*70 
353 


"79 


10*77 
9*61 

1210 
I2-70 

IX 'lO 

11*05 
10-65 
10*55 


11^ 


ft 


3X^ 
3i"9 

36-1 
361 

a9-6 
29*6 
29^ 


31-3 


Trials  on  t)oard. 
Trials  on  board. 

Trials  on  shore. 
Trials  on  board. 
Trials  on  board. 

Trials  on  lx)ard. 
Trials  on  board. 
Trials  on  iKMtfd. 


Trials  00  shore. 


Particulars  of  extended  trials  of  some  of  these  boilers  are 
given  in  the  following  Table,  which  was  first  published  in  the 
Naval  and  Military  Record  of  November  23rd,  1899.  That  paper 
remarked  that : — 

At  present  the  gunboat  Seagull  which  has  been  fitted  with  the  Niclausse 
type  of  water-tube  boiler,  is  being  subjected  to  exactly  similar  experimental 
tests  as  the  Sheldrake  and  Sharpshooter  have  undergone,  the  former  recently 
with  the  Babcock  and  Wilcox  type  of  water-tube  boiler,  and  the  Sharpshooter 
a  few  years  since  with  the  Belleville  class.  When  the  Seagull  has  completed 
her  programme,  the  results  of  the  working  of  the  three  types  of  boilers 
will  be  collated  for  purposes  of  comparison  as  to  their  respective  merits. 
As  this  comparison  is  likely  to  be  made  early  in  the  ensuing  year,  it  may 
be  interesting  to  give  the  hitherto  unpublished  return  relating  to  the  trials 
of  the  Sharpshooter  and  Sheldrake. 


See  Min.  Proc.  Inst.  C.E.,  Vol.  czxxvii.,  p.  213. 
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The  preceding  Table  is  from  a  paper  "  On  the  Boiler  arrange- 
ments of  certain  recent  cruisers"  by  Mr.  F.  T.  Marshall, 
M.I.N.A.  The  vessels  referred  to  are  H.M.S.  "Andromeda," 
built  at  H.M.  Dockyard  at  Pembroke  ;  H.R.  Portuguese 
M.S.  "Don  Carlos  I.",  built  at  Elswick  ;  H.I.  Chinese  M.S. 
"  Hai  Tien "  and  "  Hai  Chi,"  sister  vessels,  also  built  at 
Elswick  ;  and  H.M.S.  "  Hermes,"  "CEolus,"  and  "  Pallas,"  the 
two  latter  being  included  as  being  typical  second  and  third 
class  cruisers  with  cylindrical  boilers. 

Boilers  in  the  British  Navy. — ^A  comprehensive  view  of  the 
position  as  regards  boilers  in  the  vessels  of  the  British  Navy  is 
afforded  by  the  Tables  given  in  Sir  John  Durston's  two 
papers  on  "The  Machinery  of  Warships." 

The  f  allowing  Table  is  taken  from  the  latter  paper  on  account 
of  the  details  of  dimensions  which  it  gives. 
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In  his  paper  on  **  The  Machinery  of  Warships.*'  in  1894/ 
Mr.  Durston  gave  details  of  the  machinery  fitted  in  the  70 
vessels  built  under  the  Naval  Defence  Act  of  1889.  In  "  Recent 
Trials  of  the  Machinery  of  Warships,"  published  in  1899,* 
Sir  A.  J.  Durston  and  Mr.  H.  J.  Oram  give  similar  details 
of  the  vessels  added  to  the  Royal  Naxy  since  the  former  date. 

It  appears  that  ten  Battleships  with  water  tank  boilers, 
which  are  among  the  recent  additions  to  the  Na\7,  have  a 
larger  proportion  of  heating  surface  than  former  examples,  in 
consequence  of  the  recommendation  contained  in  the  1893 
Report  of  the  Admiralty  Committee  on  the  designs  of  machinery 
for  warships.  The  results  as  to  weight  of  machinery  are  briefly 
as  follows  : — 


EIGHT  VESSELS  BUILT  UNDER  NAVAL  DEFENCE  ACT. 


Mean  l.H.P. 

Average  Steam     ' 

PreMure—        i 

BoUera.          1 

Heating  Surface 

per 
l.H.P.  (mean). 

Weight  in  lbs. 

per  l.H.P. 

dereloped. 

Engines.         | 

Bonen. 

1 1500 

149 

17 

i 
113 

116 

9430 

150 

2-1 

146 

141 

AVERA( 

5E  OF  TEN  BATTLESHIPS 

BUILT  SIN'CE 

1893- 

12414 

149 

20 

III 

131 

10404 

148 

24 

132 

156 

6170 

140 

41 

261 

486 

Eight  of  these  vessels  are  fitted  with  forced  draught  on 
the  closed  stokehold  system,  and  two  of  fhem  with  induced 
draught  apparatus,  similar  to  what  was  originally  tried  in 
the  "  Gossamer,"  artificial  draught  being  used  in  all  of  them  for 
obtaining  maximum  power. 

The  l.H.P.  developed  per  ton  of  machinery'  is  less  than  in  the 
eight  vessels  compared  with  them,  but  the  engines  were 
made  rather  more  substantial,  and  the  additional  size  of  boilers 
is,  of  course,  also  responsible  for  increased  weight. 


>  Min.  Proc.  Inst.,  C.E.,  cxix.,  pp.  17—4^- 

•  Min.  Proc.  Inst.,  C.E.,  crxxvii.,  pp.  202—241. 
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Ten  first  class  Cruisers  with  triple-expansion  engines,  having 
four  cylinders  and  four  cranks  and  with  Belleville  boilers, 
give  better  results.  The  "Powerful'*  and  ** Terrible"  with 
48  boilers,  without  economisers,  give  : — 


l.H.P.  developed. 

steam  Pressure- 
Boiler. 

Heating  Surface 
per  l.H.P. 

Weights  per  l.H.P.  ' 

Engines. 

Boilers. 

5058 
18479 
22547 
25774 

216-5 

2275 
2310 
2430 

3-66 
300 
263 

130 
107 

94 

140 

"5 
100 

The  l.H.P.  per  ton  of  machinery  for  the  three  higher 
powers  is  829,  loio,  and  ii'55.  In  the  ** Ariadne,"  fitted 
with  30  Belleville  boilers  with  economisers,  it  is  12*  14  for 
19,156  I.H.P.,  with  2-47  square  feet  of  heating  surface  per 
I.H.P.,  and  a  weight  of  91  lbs.  per  l.H.P.  for  the  boilers  and  93 
for  engines,  the  steam  pressure  at  boilers  having  been  288  lbs. 
per  square  inch. 

In  the  second  class  Cruisers  fitted  with  cylindrical  boilers 
we  have  : — 


l.H.P.  developed 

steam  pres- 
sure—Boiler. 

Heating  sur- 

Weights per  l.H.P. 

(mean). 

face  per  l.H.P. 

Engines. 

BoUers. 

Forced  draught     98467 
Natural 83078 

1510 
1500 

1-88 

2-23 

84 
99 

124 

148 

l.H.P.  per  ton  of  machinery  at  higher  power  9*07  :  whilst  for 
vessels  of  the  same  class,  fitted  with  18  Belleville  boilers  of  eight 
elements  without  economisers,  we  have  : — 


I.H.P. 

steam  pressure— 
Boiler. 

Heating  surface 
per  l.H.P. 

Weights  per 

I.H.P. 

dtveloped. 

Engines. 

Boilers. 

10240 

265 

249 

82 

1 

99 
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Third  class  Cruisers  and  Torpedo-boat  Destroyers  show 
similar  results,  Sir  A.  J.  Durst'on  having  said  that  no  difficulty 
had  been  experienced  in  working  with  a  boiler  pressure  of 
300  lbs.,  and  an  engine  pressure  of  250  lbs.,  and  that  the 
influence  of  increased  pressure  of  steam  on  the  economy  of 
weight  and  space  had  been  considerable. 

Mail  Steamers, — In  Mail  Steamer  work,  according  to  Mr. 
List,  the  limit  of  steam  pressure  with  tank  boilers  has  practically 
been  reached.  They  are  using  double-ended  8-fumace  boilers, 
17  ft.  mean  diameter,  and  19  ft.  2  ins.  long  for  a  working 
pressure  of  210  lbs.  per  square  inch.  The  boiler  shell  plates  are 
i§J  inch  thick,  and  the  furnaces  are  44  inches  internal  diameter 
and  \  I  inch  thick ;  the  steel  of  the  shells  having  an  ultimate 
tensile  strength  of  between  31  and  34  tons  per  square  inch.  The 
weight  of  such   a  boiler,   with   mountings,   is   115  tons,  with 
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49^  tons  additional  for  water.  In  a  comparative  estimate 
of  Belleville  boilers  suitable  for  the  same  work,  but  at  300  lbs. 
pressure,  it  appeared  that  they  would  have  4^  per  cent,  less 
total  heating  surface  than  the  tank  boilers  ;  they  would  weigh 
40  per  cent,  less,  and  save  in  length  of  space  13  per  cent., 
but  would  cost  50  per  cent,  more  in  first  cost. 

Boikfs  in  French  Navy. — In  the  French  Navy  several  vessels 
have  been  fitted  with  water-tube  boilers,  the  designs  chosen 
being  those  of  the  Belleville ^  Oriolle^  D'Allesi^  Niclausse,  Du 
TempUf  Du  Temple-Guyoty  Normandy  Normand-Sigaudy^  and 
Thomycroft  boilers.  A  comparative  view  of  these  is  given 
in  Table  CIII.,  taken  from  M.  Bertin's  work  on  **  Marine 
Boilers,"*  from  which  much  interesting  information  may  be 
obtained  on  this  subject : 
*  English  Translation  by  Mr.  L.  S.  Robinson  (London.    John  Murray,  1898). 
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D'Allest  J9oi7(fr.— Trials  with  the  D^Allest  boilers  gave  the  fol- 
lowing results  : — 

Table  CIV. 


Bombe. 


Cassini. 


Chasseloup- 
Laubat 


Jemmapes. 


COAL  CONSUMPTION  TRIALS. 


Boiler  pressure,  lbs.  per  sq.  in. 
Pressure  at  reducing  valve     ... 

Expansions  A  =  --^ 

Lbs.  coal  consumed  :— 
Per  sq.  ft.  of  grate 
Per  H.P.  hour       


1250 
1 14-61 

439 


21074 
2092 


1635 

171-5 

I5I05 

135-58 

8-6 

12-59 

20- 1 15 

1085 

1-817 

148 

159-3 
166-98 

11-86 


14715 

20 


SPEED  TRIALS. 


Boiler  pressure,  lbs.  per  sq.  in. 

139-74 

195-57 

1849 

20382 

Pressure  at  reducing  valve    ... 

119-474 

171-95 

159-88 

184-88 

Expansions  A  ^  -r^ 

3-78 

6-84 

7-34 

8-763 

Lbs.  coal  consumed  :— 

• 

Persq.  ft.  of  grate 

4825 

31-273 

2388 

30122 

Per  H.P.  hour       

2-374 

1-947 

1-779 

2101 
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Xiclausse  Boiler. — Trials  with  the  Niclausse  boiler  on  board 
the  warship,  "  Friant/'  with  careful  and  regular  stoking  gave 
the  following  results  : — 

COAL    CONSUMPTION    TRIALS. 

Boiler  presure,  lbs.  per  sq.  inch       180 

Pressure  at  reducing  valves,  lbs,  per  sq.  inch         ...      141-6 

Number  of  expansions  in  engines,  a  =7^79  •••      12.40 

Coal  burned  per  sq.  ft.  of  grate,  lbs.  10*25 

Coal  burned  per  H.P.  hour 1*49 

SPEED  TRIALS. 

Boiler  pressure,  lbs.  per  sq.  inch     I94'S7 

Pressure  at  reducing  valves,  lbs.  per  sq.  inch        ...     163*14 

Number  of  expansions     =T-Ti 763 

Coal  burned  per  sq.  ft.  of  grate, lbs 2503 

Coal  burned  per  H.P.  hour      2032 

• 

It  is  stated,  by  M.  Bertin,  that  a  boiler  in  the  works  of 
M.  Niclausse,  under  forced  firing  has  shewn  a  rate  of  evapora- 
tion equal  to  72  lbs.  of  water  per  square  foot  of  heating  surface, 
without  injury  to  the  tubes,  although  the  chimney  was  burnt 
through.  These  experiments  were  designed  to  prove  the 
indestructibility  of  the  boiler,  apart  from  any  expectation  of 
obtaining  economy  of  steam  generation. 

In  trials  of  the  Niclausse  boilers  of  the  torpedo-boat 
"Temeraire,"  on  shore  in  1897,  rates  of  evaporation  of  11*25, 
10*12,  10*72,  and  io*3  lbs.  of  water  from  and  at  212°  Fah.  per  lb. 
of  coal  were  obtained  with  draught  pressures  of  1*1,  1*5.  27  and 
4*3  inches  of  water  respectively,  the  rates  of  combustion  having 
been  41,  51*2,  66*5  and  81*7  lbs.  of  coal  per  square  foot  of  grate. 
The  evaporation  in  lbs.  of  steam  per  square  foot  of  heating 
surface  is  stated  as  having  been  for  these  rates  of  combustion 
4.6,  io*6,  13*2,  and  15-9  lbs. 

The  following  fig&re  shows  these  results  plotted  in  curves. 
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Oau  S«pt«niMr.  itM. 
Ourftifon  •f  trial 


h'^        ir*^  ^-f  V^ 


lbs.  of  vattr  tTaporAUd  pw  lb.  •f 
eoal  rt^opi  and  ai  212* 


lbs    of  uraur  tvaporatad  p«r  lb.    of 
eoai  asdar  aetual  eoadlUons 


Sttam  prMsur«  in   BoUar.  abovt  ac- 
moiphtrt 


lbs   of  neaiB  oTaporatod  por  iq    ft     r^^ 
of  Heatlnf  Surfaco 


Draught  at  bato  of  Puanol.  la  tnebai 
of  vator 


Poad  tamparaMrt.  Pabn. 


lbs.  of  Coal  burnt  por  sq  ft.  of  rrau     41  #1 1 

FIG.  311. 


Further  results  with  Niclausse  boilers  are  given  by  Mr.  Mark 
Robinson  in  Trans.  Inst.  N.A.,  Vol.  37,  pp.  119 — 134,  and  by  M. 
E.  Duchesne  in  "  Quelques  Resultats  d'essais  de  Chaudieres 
Militaires  Marines "  (Mem.  et  Compt.  Rendu  de  la  See.  des 
Ingenieures  Civils,  January,  1898,  pp.  54 — 69). 

From  the  former  the  following  results  are  taken  : — 
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The  following  figure  shows  these  results  in  graphic  form, 
arranged  in  the  order  of  the  rates  of  evaporation. 


teu.  OtM.) 

DursUon  of  irtal.  •  P^       H^ 

Urn.  •€  wAtar  tvAporaud  p«r  lb.  of  eoal  from 
Mitf  ai  2ir 


.  of  wator  ovaporaiad  por  lb.  of  toai  un4or 
MtaiA]  eontflUons        


StMUB  proftort  la  BolltP.  abovt  aifflotpht rt 


Total  ooal  burnt  por  hour. 


Ibi. 


Total  water  ovaporatod  per  hour  from   and 
at  212*  Ibt.  ...       -. 


'•  i-    ,/f'.  . 

1  t         ■  ,' 


Pood  tomporature.  Fahrt 
Lbs.  of  eoal  burm  per  tq   fooi  of  fraie        . .    /T/x       ^  0      ^^'    ^  * 

«G.  313. 

Professors  Kennedy  and  W.  C.  Unwin  conducted  trials  of  a 
Niclausse  boiler  at  Thames  Ditton  in  1894,  and  their  report  is 
attached  to  Mr.  Robinson's  paper.  The  outer  tubes  of  the 
boiler  were  3'22ins.  diameter  and  7  feet  long ;  the  inner  tubes 
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were  I'Sins.  diameter  and  nearly  the  same  length.  The  total 
external  tube  surface  in  the  boiler  was  649  square  feet.  The  trial  of 
12th  May  was  specially  to  ascertain  how  far  the  boiler  could  be 
forced  without  appreciable  priming  taking  place.  The  tests 
showed  that  the  priming  on  all  the  trials  was  practically  negli- 
gible in  amount.  The  following  Table  gives  the  results  of  the 
three  trials  : — 

Table  CVI. 


Date  of  Trials^  1804. 

AprU  10. 

April  II. 

May  13. 

Duration  of  trial hours 

7-27 

740 

2-95 

Barometer  (mean) ins. 

3014 

29-94 

3009 

Total  water  evaporated  ...          lbs. 

16,000 

16,000 

12,134 

Total  coal  burnt „ 

1,845 

1,841 

1,422 

Carbon  value  of  coal  used 

0-956 

0956 

— 

Total  feed  water  per  lb.  of  coal  lbs. 

867 

869 

8-53 

Total  feed  water   per   lb.  of  coal 
from  and  at  212'  F.  ...          lbs. 

IO-47 

10-50 

1034 

Total  feed  water  per  lb.  of  carbon 
value  from  and  at  212'  F.  lbs. 

10-95 

10-98 

1082 

Coal  burnt  per  sq.  ft.  grate  surface 
per  hour         

13-5 

13-3 

256 

Feed    water    per    sq.    ft.    heating 
surface 

339 

333 

6-34 

Feed  water  per  cubic  foot  of  boiler 
and  boiler-setting  per  hour    ... 

261 

2-57 

4-88 

Mean  steam  pressure  above  atmo- 
sphere, lbs.  per  sq.  in. 

158-6 

159-6 

144-3 

Mean  steam  pressure  absolute,  lbs. 
persq.  in 

173-4 

174-3 

159-1 

Mean   temperature  of  feed    water, 
deg.  F 

60-3 

60-3 

550 

Mean  temperature  of  air,  deg.  F. ... 

67-4 

676 

62-3 

Mean    temperature    of     chimney 
gases,  deg.  F.             

511-7 

502-7 

7320 

The  moisture  in  steam  was  determined  for  the  first  two  trials 
by  a  wire-drawing  calorimeter,  and  was  found  to  be  a  mean  of 
I.I  per  cent,  for  the  first,  and  I'o  per  cent,  for  the  second  trial. 
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The  figures  for  utilisation  of  the  heat  in  each  pound  of  coal, 
based  upon  an  estimated  thermal  value  for  the  coal  of  13860 
heat  units  as  calculated  from  an  ordinary  anal)rsis,  or  from 
calorimeter  experiment,  are  given  in  the  following  Table  : — 

Table  CVII. 


April  10. 

April  II. 

Thermal 
Units. 

Percent- 
ages. 

Thermal 
Units. 

Perccnt- 

Heat  utilised  in  formation  of 
steam             

Heat  lost  by  imperfect  combus- 
tion (formation  of   carbonic 
oxide) 

Heat  lost  by  carbon  left  in  ash . 

Heat  carried  away  by   waste 
gases 

Heat    lost    by   radiation    and 
otherwise  unaccounted  for ... 

10,110 

501 
133 

2,327 
789 

7294 

3-61 
0-96 

1679 

10,136 

185 
136 

2435 
968 

73" 

l'33 
098 

1756 

702 

Thermal  value  of  coal  as  de- 
tei mined  by  experiment     ... 

13,860 

lOO'OO 

13,860 

lOO'OO 

In  the  trial  of  May  12,  the  heat  utilised  in  steam  formation 
amounted  to  9970  units  or  71-9  per  cent. 

In  M.  Duchesne's  paper  it  is  stated  that  the  Niclausse  boilers 
of  the  '*  Menhir ''  worked  for  7000  hours  without  requiring  to 
be  cleaned  ;  and  that  those  of  the  *'  Friant "  have  worked  with 
a  consumption  of  176  kilogrammes  coal  per  metre  carr6  of  grate 
surface  per  hour  without  difficulty  for  four  consecutive  hours, 
and  without  showing  flame  at  the  chimneys.  The  rates  of 
evaporation  at  different  rates  of  combustion  of  coal  were  ascer- 
tained to  be  as  follows  : — 

Kilogrammes  of  coal  burned  per  metre  carre  grate  surface  per 
hour  (ash  included)  : — 

100  150  200         250  300         350         400 

Kilogrammes  water  evaporated  per  unit  of  coal  at  these  rates 
(water  and  steam  reduced  to  100°  C.) 

11*850   ..iQ-86o      9914      9339      8734      8214      7*500 
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These  evaporative  trials  were  continued  during  four  hours. 
Trials  at  a  rate  of  combustion  of  400  kilogrammes  coal  per  metre 
carr6  grate  surface  per  hour  were  made  and  continued  for  ten 
hours,  the  air  pressure  being  20  mm.,  without  damage.  The 
diameter  of  the  tubes  was  40  mm.,  and  tubes  of  82  mm.  have 
stood  the  same  test. 

A  careful  record  of  the  performances  of  the  tubulous  boilers 
in  the  French  Navy  prior  to  1895,  and  a  trenchant  criticism  of 
various  features  of  their  construction  and  working  at  that  time, 
will  be  found  in  a  paper  by  Mr.  John  K.  Robisou,  Assistant 
Engineer  in  the  U.S.  Navy,  read  before  the  American  Society  of 
Naval  Engineers  and  published  in  their  journal,  from  which  it 
was  republished  in  Engineering,  Vol.  Ix.,  pp.  555,  587,  617,  682 
and  749.  Mr.  Robison  indicates  the  good  and  bad  qualities  of 
Belleville,  Lagrafelor  D'AUest  and  Niclausse  boilers,  and  evidently 
thinks  more  highly  of  the  two  latter  than  of  the  former.    . 

Of  trials  of  water-tube  boilers  in  the  German  Navy  there 
are  no  accounts  published  in  English,  but  articles  on  that 
subject  have  appeared  in  the  Zeitschrifi  des  Vereines  Deuischet 
Ingenieure  of  nth  and  i8th  September,  1897  ("Versuche  in 
der  Deutschen  Kriegsmarine  mit  Wasserrohrkesseln "),  and 
on  the  Buttner  Water-tube  Boiler  in  La  Revue  Technique  of 
loth  September,  1897. 

Moshef  Boiler — A  Mosher  boiler  gave  the  following  results  on 
an  eight-hours  trial  with  natural  draught  with  Pocahontas  semi- 
bituminous  coal. 

Coal  per  square  foot  of  grate  per  hour         71  lbs. 

Water  evaporated  per  lb.  of  coal       9*12  lbs. 

Air  supplied  per  lb.  of  coal     304  cub.  ft. 

Temperature  of  gases  at  base  of  funnel         442°  Fahr. 

Draught  at  base  of  funnel       3  in. 

Wetness  of  steam  as  measured  by  calorimeter  1-5  per  cent. 

Percentage  of  ashes  7  per  cent. 

Quantity  of  water  evaporated  in  ash-pit  during  the 

whole  trial        90*2  lbs. 

The  principal  dimensions  of  the  boiler  were  : — 

Grate  area  ...  ...  ...     33  sq.  ft. 

Heating  surface      ...  ...  ...1108      „ 

Ratio  of  grate  to  heating  surface         ...     33*6 

Load  on  safety  valve  ...  ...  185  lbs. p.  sq.  in. 
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The  heat  utilisation  was  as  follows  : — 
Heat  utilised  in  evaporating  water 
Heat  lost  in  the  funnel 
Heat  lost  in  radiation 
Heat  lost  in  cinders  and  evaporation  of 
water  in  the  ashpan 

Total  heat  of  combustion 


760 

per  cent 

130 

M 

91 

>> 

10 

>» 

1000 


"  Clyde "  Boiler, — The  following  are   the  results  of  trials  of 
three  boilers  of  Messrs.  Fleming  and  Fefguson*s  design  : — 


Table  CVIII. 


No.  I. 

No.  a. 

No.  i 

Grate  area     

94  sq.  ft. 

20  sq.  ft. 

45'8  sq.  it. 

Heating  surface        

540  sq.  ft. 

630  sq.  ft. 

1,650  sq.  ft. 

Coal  consumed  per  square  foot  of 
grate  per  hour      

248  lb. 

20*3  lb. 

303  lb. 

Total  coal  consumed  per  how- 

2361b. 

406  lb. 

1,391  lb. 

Water  evaporated  per  hour 

2,040  lb. 

3,500  lb. 

9,812  lb. 

Water  evaporated  per  hour  from 
andat2i2'F 

2,4681b. 

4,260  lb. 

11,345  lb. 

Water  evaporated  per  lb.  of   coal 
from  and  at  212'  F 

I0'43  lb. 

10-5  lb. 

815  lb. 

Water  evaporated  per  lb.  of   com- 
bustible        

1115  lb. 

11-25  lb. 

87  lb. 

Water  evaporated  per  square  foot 
of  grate  per  hour 

260  lb. 

213  lb. 

2471b. 

Water  evaporated  per  square  foot 
of  heating  surface  per  hour  from 
and  at  212'  F 

45  lb. 

67  lb. 

6-8  lb. 

Quality  of  coal  used           

Welsh 

Welsh 

Scotch 

Draught  natural  on  all  trials. 

This  boiler  is  fitted  in  the  s.s.  "  Aberdeen,"  a  vessel  owned  by 
the  Canadian  Government,  and  has  given  satisfaction.  The 
generating  tubes  are  2^  inches  diameter,  the  steam  cylinder 
being  of  sufficient  diameter  to  permit  of  their  being  wholly 
withdrawn  into  it  when  any  tubes  require  to  be  replaced. 
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The  following  are  the  proportions  of  three  different  sizes  and 
arrangements  of  the  tubes  and  chambers  proposed  by  Messrs. 
Fleming  and  Ferguson  : — 


BoUerwiths 
furnaces. 

BoUerwltfa  6 

furnaces 

(doublcHjnded). 

BoUer  with  4 
transverse 
furnaces. 

Grate  area,  square  ft.          

50 

138 

165 

Heating  surface,  square  ft 

14505 

4801 

5000 

Ratio  of  heating  surface  to  grate  ... 

28-98 

3479 

303 

Total  weight  with  water  but  without 
funnel,  tons           

30 

75 

1 10 

Working  pressure,  lbs.  per  sq.  in.... 

220 

200 

250 

Mumford^s  Boiler, — Mumford's  water-tube  boilers  have  given 
satisfactory  results  in  the  trials  on  H.M.S.  "  Salamander."  This 
vessel  is  of  the  same  type  as  the  "  Sharpshooter/'  the  first  fitted 
with  the  Belleville  boiler,  and  since  then  the  class  has  been 
utilised  for  trying  various  systems  of  tubulous  generators,  the 
Babcock  and  Wilcox,  Niclausse,  and  the  Du  Temple,  as  well  as 
the  Mumford.  The  boilers  on  an  eight-hours'  natural  draught 
trial  gave  sufficient  steam  for  2575  I. H. P., and  although  they  were 
only  required  to  give  3500  I.H.P.  under  forced  draught,  the 
power  was  actually  41 14  I.H.P.,  which  was  got  with  2*6  inches 
of  air  pressure  in  the  stokehold.  The  boilers,  of  which  there 
are  four,  have  180  square  feet  of  grate  area  and  8000  square 
feet  of  heating  surface,  so  that  the  power  is  equal  to  a  little  over 
23  horse-power  per  square  foot  of  grate,  while  there  was  barely 
two  square  feet  of  heating  surface  for  each  unit  of  power  de- 
veloped, both  results  being  very  good,  even  for  an  express  boiler. 

Haythoin  Boiler, — Of  other  water- tube  boilers  which  have 
been  fitted  in  steamers,  the  Haythom  boiler  is  one  of  consider- 
able promise,  judged  from  the  results  of  trials  which  have  been 
made.  The  first  of  these  boilers  was  made  and  tried  as  a  land 
boiler,  of  which  an  illustration  will  be  found  in  Engineering^  Vol. 
Ix.,  p.  680. 

The  heating  surface  of  the  boiler  was  430  square  feet,  and  the 
grate  area  6*8  square  feet,  the  ratio  between  these  two  being  63  to  i. 

The  following  are  the  results  of  the  trials  : — 
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Subsequently  two  boilers  were  fitted  in  the  paddle  steamer 
*'  Meg  Merrilies,"  the  following  being  the  dimensions  of  each  : — 
Diameter  of  tubes,  2  ins.  and  3^  ins.,  reduced  to  2  ins. 
Pitch  of  tubes,  3 J  ins.  by  3J  ins. 
Longest  tube,  14  ft.  3  ins.  between  ferrules. 
Shortest  tube,  9  ft.  i  in.  between  ferrules. 
Mean  tube,  11  ft.  8  ins.  between  ferrules. 
Number  of  2  in.  tubes  in  boiler,  216. 
Numbes  of  3^  in.  tubes  in  boiler,  54. 
Total  number  of  tubes,  270. 

Number  of  tubes  in  each  element,  30  ;  number  of  elements,  9. 
Effective  heating  surface  of  tubes  in  one  element,  191*3  sq.  ft. 
Total  heating  surface  of  tubes  in  boiler,  172 17  sq.  ft. 
Total  grate  surface  in  one  boiler,  305  sq.  ft. 
Ratio  of  heating  to  grate  surface,  564 to  i  sq.  ft. 
Weight  of  one  element,  excluding  water,  13  cwts. 
Weight  of  one  boiler,  excluding  water,  13*2  tons. 
Weight  of  water  in  one  boiler,  2*35  tons. 
Total  weight  of  boiler,  including  water,  I5'SS  tons. 
Working  steam  pressure,  200  lbs.  per  square  inch. 

The  results  of  a  trial,  lasting  for  six  hours,  of  these  boilers  on 
board  the  steamer  while  cruising  in  the  Firth  of  Clyde  on  21st 
December,  '1898,  are  given  in  the  following  tabular  statement : — 

Table  CX. 

EVAPORATIVE   TEST   OF   THE    HAYTHORN   WATER-TUBE 
BOILERS   OF   P.S.   *' MEG   MERRILIES." 

Boilers.     {Two  HayUwrn  Water-Tube  Boilers.) 

Total  heating  surface 3444  square  feet. 

Total  grate  area           61          „ 

^  ,.      Heating  surface  ^,_ 

Rato ,,-,*" 56*4       „ 

Grate  area 

Mean  steam  pressure  above  atmosphere     186  lbs. 

Temperatures. 

Mean  funnel  temperature,  about  600" 

Mean  temperature  of  stokehold  68° 

Mean  temperature  of  feed  water  127-4° 

Draught. 

Mean  funnel  draught  below  atmosphere     -35"  water. 

Mean  air  pressure  in  stokehold  above  atmosphere  '55"      „ 

Total  -9"      „ 
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Table  CX.  continued. 


CoAL.~QuaIity,  Welsh. 
A  tuilysis — 

Carbon 

Hydrogen 

Oxygen  

Nitrogen 

Sulphur 

Water     

Ashes 


8363  per  cent. 

370 
448 

■99 

7 
128 

5'22 


Theoretical  evaporative  power  14-5  lbs.  water  from  and  at  212'. 


Analysis  of  Smoke. — Mean  of  Three  Satttplcs. 

Carbonic  add 

Carbonic  oxide  

Hydrocarbons 

Oxygen  

Nitrogen  


By  Volume. 

817 

•I 

I0'3 
8143 


By  Weight. 

121 
•09 

1103 
7678 


95   » 

6'2  per  cent. 


Coal. 

Total  used  in  6  hours  3  minutes       9321  lbs. 

Used  per  hour 1541    „ 

„             per  square  foot  of  grate       25-26   „ 

„                     „        of  heating  surface          ...  '447,, 

Ashes. 

Total  ashes  for  6  hours  3  minutes 95  lbs. 

„     clinker  for  6  hours  3  minutes  ...         ...         ...  482    „ 

Total          577    „ 

Ashes  and  clinker  per  hour 

„  percentage  of  coal  

Water. — Measured  for  5  hours  47  mitiuUs  11  seconds. 

Total  quantity  from  hotwell 80943  lbs. 

Supplementary  from  tanks     ...         ...         ...         ...  2133    ,, 

Total          83076   „ 

Water  per  hour           14345   ,» 

„          „          per  square  foot  grate         235    „ 

,,          „                   „                heating  surface  ...  4*165    ,. 

Water  evaporated  per  lb.  of  coal  from  temperature 

of  feed  water        9*309   „ 

Water  evaporated  per  lb.  of  coal  from  and  at  212*"  1062    „ 

An  independent  dry  steam  test  was  made  by  means  of  a  "Barrus"  Wire- 
drawing Calorimeter.  This  test  gave  the  mean  dryness  factor  at  -924,  or 
only  26  per  cent,  of  water  in  the  steam. 

From  above  results  the  efficiency  of  these  boilers  is — 

Actua^l  evaporative  power  per  lb.  of  coal  from  «ind  at  212" 10-62 ,       per 

"  '^"^ent. 


Theoretical  evaporative  power  of  coal  from  and  at  212"      14-5 
Also  water  evaporated  per  lb.  of  carbon  value  from  and  at  212'' 


ii'o6  lbs. 
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The  three  boilers  fitted  in  the  paddle  steamer  "  Lorna  Doone  " 
in  May,  1899,  had  some  slight  improvements  in  detail,  such  as 
the  formation  of  a  combustion  space  by  means  of  an  extra  row 
of  tubes  between  the  grate  and  the  main  body  of  the  boiler 
tubes. 

The  following  are  their  principal  dimensions  : — 

Diameter  of  tubes,  2  ins.  and  3^  ins.,  reduced  to  2^  ins. 

Pitch  of  tubes,  3J  ins.  by  3J  ins. 

Longest  tube,  14  ft.  6  ins.  between  ferrules. 

Shortest  tube,  8  ft.  4  in.  between  ferrules. 

Mean  tube,  11  ft.  5  in.  between  ferrules. 

Number  of  2  in.  tubes  in  one  boiler,  264. 

Number  of  3^  in.  tubes  in  one  boiler,  96. 

Total  number  of  tubes  in  one  boiler,  360. 

Number  of  tubes  in  one  element,  30  ;  number  of  elements,  12. 

Effective  heating  surface  of  tubes  in  one  element,  200  sq.  ft. 

Total  heating  surface  of  tubes  in  one  boiler,  2,400  sq.  ft. 

Total  grate  surface  in  one  boiler,  42*4  sq.  ft. 

Ratio  of  heating  to  grate  surface,  56*6  to  i  sq.  ft. 

Weight  of  one  element,  excluding  water,  14  cwts. 

Weight  of  one  boiler,  excluding  water,  i8*6  tons. 

Weight  of  water  in  one  boiler,  2*8  tons. 

Total  weight  of  boiler,  including  water,  21  "5  tons. 

Working  steam  pressure,  160  lbs.  per  sq.  inch. 

On  trial  these  boilers  gave  the  following  results  : — 


Table  CXL 
p.  s.  "lorna  doone"  of  the  southampton,  isle  of  wight,  and 

SOUTH  OF  ENGLAND  R.  M.  S.  P.  COY. 


Date  of 
Vojrage. 


32nd 
Aug., 
1899 


TotaJ 

Dis-    '  Duratk 
unce  I        of 
Tra-    '  Vovagc 
veiled. 


'  Weights  on  board. 


170     H.  M.   S. 

knots  12  33  10 


iCoal  22  tons 

Water  in)  , 
Tanks.  /  ^ 
Passsen- 
gers   ...35 

Total  62 


Average 
I.  H.  P. 
Devel- 
oped. 


1.4 1 1 


yualily  I  Coal  used  '|  I  ^  f  *^ 
of  CtMl  per  mile  _  -"^  r  ^  H 
used.     I      run.        5  t  '  £  § 


11-  -o  t>.  c 

I  204  lbs.  -;     3  ^ 

jjross  i.e.  ^  '^  c  =  ' 

Inferior,  includ-  ^     £-2 

[banking  ^     "^  c 
of  tire,     c  -  S  " 


lei 

LK.  uf 

Co.U 

Type  «rf 

1=1^ 

P*""" 

Il<.ilir 

.s  =  ^ 

1.  H.  r. 

1    used. 

i- 

^0 

'  Hav- 

i2 

!■(/> 

thorn 
water- 

'■J 

tube. 

S.r> 

H- 

U2 
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Some  very  instructive  trials  to  determine  the  relative  value  for 
evaporation  of  successive  tiers  of  tubes  from  the  bottom  row 
upwards  in  such  boilers  as  the  Niclausse,  and  the  advantage  to 
be  gained  by  adding  heating  surface,  either  in  rows  of  boiler 
tubes  or  in  economisers,  were  carried  out  by  Messrs.  Niclausse 
in  Paris.  They  constructed  a  special  boiler  containing  12  rows 
of  tubes,  two  in  each  row,  placed  side  by  side.  Each  row  de- 
livered its  steam  separately,  and  was  separately  supplied  with 
water  of  measured  quantity.  The  tests  were  carried  out  at  rates 
of  combustion  varying  from  lolbs.  up  to  61  lbs.  per  square  foot  of 
grate,  and  the  proportionate  evaporation  in  each  row  of  tubes 
was  maintained  almost  exactly  at  all  the  different  rates  of  com- 
bustion. The  lowest  row,  directly  over  the  fire,  evaporated 
nearly  one  quarter  of  the  whole,  and  the  first  three  rows,  having 
7*5  square  feet  of  heating  surface  to  one  square  foot  of  grate, 
evaporated  nearly  one  half.  (See  pp.  187 — 191  ante). 

The  first  six  rows,  with  a  surface  ratio  of  fifteen  to  one, 
evaporated  nearly  two- thirds  of  the  whole.  The  last,  or  upper- 
most row  evaporated  about  3 J  per  cent.,  and  the  law  of  decreas- 
ing efficiency  under  the  conditions  of  the  trials  was  readily 
deducible,  enabling  the  value  of  any  additional  surface  to  be 
estimated. 

TWO   TESTS   OF    SIMPSON    AND    BODMAN^S    FLASH 

BOILER. 

Particulars  of  Generator. 

Weight  of  generator,  645  lbs. 

Weight  of  regulating  drum,  98  lbs. 

Nuir.ber  of  members,  12. 

Tubes  per  member,  2. 

Length  indented  per  tube,  2ft.  6in. 

Pitch  of  indent,  3^  in. 

Heating  surface  indented,  46  square  feet. 

Joints,  the  "  Haythorn  "  differential  joint. 

Hydraulic  (cold)  test  for  joints,  750  lbs.  per  square  inch. 

Thermometer  used.  Mercury,  with  nitrogen  chamber  reaching 

to  900"  Fah.,  bulb  depending  ift.  6in.  into  drum. 
Grate  area,  2  J  square  feet. 
Fire  bars,  ^-in.  wide  ;  air  spaces,  ^-in.  wide. 
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Lighting  Up  Test. 
Fire  made  up  from  plain  kindling  wood  and  7'©  seam  coal. 
Fire  lit  at  3.30  p.m. 
Steam  for  blower  at  3.40  p.m. 
400^  Fah.  in  drum  at  3.55  p.m. 
Ready  for  work  at  4  p.m. 

Table  CXII. 

FIRST  TEST.      DURATION   THREE    HOURS. 

Fuel   Used — Furness  Coke. 

starting.— Fire  lit  and  boiler  blown  out  for  one  hour,  the  fire  then  drawn  out 
and  thrown  aside.  Temperature  of  boiler  taken — 380**  Fah.— fresh  firing 
applied,  and  test  proceeded  with. 


isl  Hour. 

2nd  Hour. 

3rd  Hour. 

' 

H.M. 

Deg. 
Fah. 

lbs. 

H.M. 

Deg. 
Fah. 

lbs. 

H.M. 

?;S:j"- 

Times    of    stoking   and    tem- 
perature   at    each    stoking 
taken   before    ftre    door   is 
opened           

11.25 

380° 

12.25 

500° 

1.25 

1 

5000 

".35 

000° 

12.35  1  600° 

137 

600° 

1 

11.45 

7yP 

1 

1 

12.45  j  730° 

1.45 

650°  1 

11.55 

500O 

1 

12.55  1  500° 

1-55 

^^1 

12.  5 

SPcP 

1-  5  1  500° 

a.  5 

730° 

Times  of  clinkering,  cleaning, 
itc 

12.15 

500° 

1 

1 

115  j  550° 
125 

ai5 

6oo<'  ' 

1 
1 

Fuel  weighed  out  at  start 

57 

64 

1 

i      78 

in  at  finish 

-    1 

— 

1    _ 

„    used 

Gross  weight  water  and  lank  at 

start     

Gross  weight  water  and  tank  at 

tinish 

57 
300 
234 

64 

488 
136 

-      7» 
1 

1    ■•" 
1      36 

Weight  of  water  evaporated  ... 

Pressure  worked  at  per  square 

inch      

266 
100 

352 
100 

1    37* 

1      100 

Temperature  of  feed  water    ... 

70° 

70° 

70° 

Evaporation  per  lb.  fuel  u<ed... 
„           per    square    foot 

heating  surface        

Combustion    per    square   foot 

grate 

1 

4-66 
578 
207 

5-  5 
7-65 
2327 

4-82 
817 
2836 

Average  temperature    

Degrees    of   superheat   above 
satiu-ation      

535° 
197° 

563° 
225° 

630° 
2920 

Water  pumped  through  at  2.25  to  reduce  temperature  to  380°. 
Remarks  -.-Weight  of  ash  not  taken,  being  very  slight 
Nozzle  in  blast  pipe  4*  diameter. 
Evaporation  per  lb.  fuel  is  taken  as  shown  at  pressure  and  temperature. 
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Table  CXIII. 

SECOND  TEST.     DURATION  THREE   HOURS. 
Fuel — Anthracite. 

starling  as  in  Test  I.        Temperature  550"  Fah. 


1st  Hour.         1 

and  Hour. 

3rd  Hour. 

H.M. 

Fah. 

lbs.   j 

H.M.     Fah. 

1^^ 

H.M. 

Fah.  [  Ibs- 

Times  of  ttoklng  and  tempera- 
ture       

9.40 

5S0° 

1 

10.40     500*^ 

"55 

450° 

9.50 

7«oO 

10.45     450° 

12.  0 

5**° 

10.  0 

55o» 

10.50     450° 

I*-  5 

700O 

10.  5 

4800 

1 

10.55     500° 

12.15 

700O 

10.10 

560« 

11.  0     510® 

12.25 

550° 

10.15 

5600 

1 

II.  5     375° 

H.35 

5Jo« 

I0.30 

4600 

1 
1 

1 1. 10     400® 

12.45 

530° 

10.25 

4600 

11.15      .SO0° 

laso 

460O 

ii-ao     550° 

10.35 

460O 

11.25     550° 

Times  of  clinkcrini*  and  clean- 
ing         

10.40 

] 

".30  ^  550° 
II.  5  ' 
11.40 

Fuel  weighed  mit  at  start 

131  ; 

1 

136 

69 

in  at  finish 

1 

53   , 

6y 

- 

„    used 

78  ; 

«7 

69 

Weight  of  Ash 

30  1 

30 

30 

Nett  fm-1  consumed      

Gross  wci^hl  oi  water  and  tank 

at  slat  I 

Gross  weight  of  water  and  tank 

at  finish          

48  ' 
468 

1*6 

37 
500 
189 

39 
500 

IQ6 

Weight  of  water  evaporated  ... 
Pressure  worked  at  per  square 

inch        

Evaporation   per  nett   lb.   fuel 

used        

Evaporation    per   square    foot 

heating  surface           

Combustion    per    square    foot 

firate      

34a    , 

100 

7" 

r  0 

IT  5 

311 
100 
82 
67 
13-3 

304 
100 

7^ 

6  6 

14-  * 

Average  temperature     

Degrees    of    superheat    above 
saturation        

532° 
194° 

'  147° 

57*° 
2340 

KKMAKKS  :-The  hre  bars  were  evidently  not  suitable  for  burning  Anthracite,  as  the  amount 
of  ash  is  excessive. 
The  bars  also  choked  up  badly.        Nozzle  in  flue  }'  diameter. 
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Comparison  of  Results. — It  is  much  to  be  regretted  that  there 
are  no  reports  extant  of  the  work  performed  by  such  boilers  as 
those  of  the  highly  interesting  class  introduced  early  in  last  century 
in  connection  with  road  vehicles,  and  also  by  some  of  later  date, 
such  as  the  boilers  of  Dr.  De  Laval  in  Sweden,  and  one  or  two 
others.   A  comparison  of  results  would  be  of  great  use  in  determin- 
ing the  relative  value  of  different  arrangements  of  heating  surface 
and  other  elements  of  boiler  design,  as  woiked  under  ordinary 
conditions  of  steam-raising.   As  we  have  pointed  out  in  Chap.  IV., 
the  value  of  experiments  made  to  determine  the  capacity  of  metal 
surfaces  for  heat  transmission  has  been  greatly  interfered  with  by 
reason  of  the  actual  design  of  the  apparatus  used.     Hence  such 
calculations  as  those  of  M.  Bertin  (in  **  Marine  Boilers,"  pp.  126- 
129)  which  are  founded  upon  the  formula  deduced  from  Mr. 
Blechynden^s  experiments  cannot  be  relied  upon  for  any  general 
application.     Enquiry  into  the  results  actually  obtained  in  lbs. 
of  water  evaporated  per  square  foot  of  heating  surface  in  various 
boilers,  only  shows  that  these  results  are  not  concordant,  and 
that  therefore  we  have  not  arrived  at  the  time  when  a  rule  or 
formula  can  with  safety  be  deduced.     For  instance,  many  Bab- 
cock  and  Wilcox  land  boilers  show  an  evaporation  of  not  more 
than  27  lbs.  of  water  per  square  foot  of  heating  surface  per 
hour  ;    in  the  diagram  of  boiler  trials  at  Philadelphia  in  1876 
(p.  527  ante)  only  five  out  of  thirteen  boilers  show  an  evaporation 
above  the  average  of  2'86  lbs.  per  square  foot  of  heating  surface  ; 
one  of  these  five,  however,  showed  10585  lbs.     A  "  Glasgow  " 
water-tube  boiler  has  shown  61bs.  per  square  foot  of  heating 
surface  per  hour,  and  instances  of  other  boilers  giving  figures  of 
from   17  up  to  20*05  lt)s.  will  be  found  in  this  chapter.     The 
latter  figure  was  credited  to  locomotive  boilers  in  Italian  torpedo 
boats,  but  it  has  been  reached  on  special  forcing  trials  with 
either    Yarrow    or  Thornycroft  forms    of    water   tube-boilers. 
The  Niclausse  boiler  of  the  "  Temeraire  "  showed  from  4*5  to 
15*9  lbs.  on  trial.     The  special  boiler  designed  by  Simpson  and 
Bodman  for  motor-car  work  gave  on  trial  an  evaporative  rate  of 
9lbs.   per   square   foot   of  heating  surface,  and  the  boiler  of  De 
Laval  seems  to  have  done  more  than  this.     Professor  Watkinson 
announced  a  result  of  5olbs.  of  water  evaporated  per  hour  per 
square  foot  of  surface  in  an  experimental  boiler  of  new  design  ; 
and  we  have  the  figure  of  72lbs.  as  previously  given  for  the 
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Xiclausse  boiler  under  special  circumstances.  Now,  although  it 
is  true  that  these  results  were  not  always  obtained  under  the  best 
conditions  for  economical  working,  yet  they  throw  light  upon 
the  possibilities  of  steam  generation.  They  show,  moreover, 
that  we  must  aim  at  higher  rates  of  evaporation  than  have  been 
customary,  and  that  in  any  deduction  of  the  theoretically  possible 
we  must  take  into  consideration  such  results,  as  well  as  those  of 
C.  R.  Lang  and  of  Professor  Witz,  for  enlightenment  as  to  the 
rate  of  heat  transmission. 

Weight  ami  Space  Occupied. — From  the  foregoing  tables  of 
results  many  figures  can  be  gathered  giving  the  weights  of 
various  boilers  relatively  to  a  standard  of  comparison  such  as  the 
I.H.P.  or  the  square  foot  of  grate  surface.  It  has  been  said  that 
**  the  real  coefficient  of  lightness,  the  weight  per  horse- power, 
is  equal  to  the  weight  per  square  foot  of  grate  surface  divided 
by  the  maximum  horse-power  per  square  foot  of  grate  surface, 
always  supposing  the  weight  of  steam  per  horse-power  required 
by  the  engines  to  be  a  constant  quantity,"  but  it  is  not  apparent 
why  the  engines  should  be  introduced  into  the  elements  of  a 
comparison  amongst  boilers.  It  would  surely  be  more  direct 
and  satisfactory  to  express  the  weight  of  the  quantity  of  water 
evaporated  from  and  at  212°  F.  per  hour  or  per  unit  of  siurface 
by  the  boiler. 

Some  useful  figures  of  comparison  of  the  weights  and  space 
occupied  by  tubulous  boilers  in  the  French  Navy  were  given  by 
Mr.  J.  K.  Robinson,  and  will  be  found  reprinted  in  Engineering, 
Vol.  Ix.,  p.  750,  etc.  The  following  are  two  of  the  Tables 
given  : — 
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Table  CXIV. 


DETAILED  WEIGHTS  OF  BOILERS. 


D'AUeaL 

Belleville. 

Niclausse. 

Boilers  proper           

131-3 

\ 

1465 

Uptakes          

670 

1 

560 

Accessories 

11-8 

y   273-3 

6-6 

Grates  and  fittings 

191 

J 

i8-3 

Tools  and  spare  parts          

5-6 

81 

7-6 

Feed  pumps 

5-2 

11-4 

5-2 

Tanks              

40 

80 

40 

Smoke  pipes 

170 

23-5 

198 

Floor  plates  and  ladders      

90 

90 

90 

Fire-room  ventilators          

90 

90 

90 

Air  compressor         

... 

2-5 

— 

Separator        

5-2 

— 

Water  in  boilers       

530 

160 

530 

Total  of  fire-rooms          

3320 

3650 

335-0 

Total  of  engines  and  boilers 

7570 

8010 

7600 

In  the  case  of  the  Niclausse  Boilers — ^which  were  those  of  the 
Friant,  the  actual  weight  of  the  boiler  as  delivered  was  3290 
tons,  the  boiler  proper  having  weighed  202  61  tons  and  the 
uptakes  only  1076  ;  the  water  in  the  boilers  also  was  reduced  to 
46' 18  tons. 
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The  dimensions  of  the  boilers   are   given    in    the   following 
Table  :— 


Table  CXV. 


DIMENSIONS  OF  THE  BOILERS. 


DAllest. 
3 

BelleviUc. 
3 

Niclausse. 

Number  of  rtic-rcHnns 

3 

„         „  boilers 

20 

24 

20 

„         „  furnaces  p^cr  boiler     ... 

I 

I 

I 

Lentil  of  jirale,  ft.  and  ins. 

6  ft.  8  in. 

4  ft.  7  in. 

6  ft.  8  in. 

Width  of  iirate,  ft.  and  ins. 

5  ft.  4i  in. 

1     7  ft.  oin. 

6  fl.  0  in. 

Total  ^rate  surface,  sq.  ft.   ... 

732 

755-2 

7828 

Total  lieatin}«  surface,  sq.  ft. 

19451 

1      21,594 

23,338 

Katio  of  M.S.  to  G.S 

266 

'         286 

298 

Outside  diameter  of  lubes,  ins. 

325 

3-23 

323 

Inside  diameter  of  lubes,  ins. 

291 

2-86  &  260 

297 

Len^^th  of  tubes,  ft.  and  ins. 

7  ft.  9  in. 

'     6  ft.  4  in. 

5  ft.  8 J  in. 

Diameter  of  circulating  tubes,  ins.... 

— 

— 

It\ 

Number  of  tubes  in  vertical  row  ... 

10 

9 

9 

Weight  of  water,  tons         

53 

i6-2 

462 

Volume  of  steam  space,  cubic  ft.  ... 

i,»79 

1          7«4 

830 

lioiler  p'>ressure,  lbs.  per  sq.  in. 

214 

1          242 

214 

Pressure  at  engines  ... 

170 

1           170 

170 

Comparison  of  the  space  occupied  by  modern  forms  of  shell 
boilers  of  the  Scotch  and  locomotive  types  with  that  required  by 
tuhulous  boilers  is  afforded  by  the  following  two  Tables  taken 
from  M.  Bertin's  work  on  *'  Marine  Boilers."  Fully  detailed 
tables  of  weights  will  be  found  in  that  work  at  pages  218  and 
355- 
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Table  CXVI. 


Table  CXVII. 


BoUen. 

Name  of  Shifx 

Horiiontal  projection  in 
square  feeL 

Ratio 

c 

of  the  boiler  c. 

of  the  grate  ^. 

"    42-95" 
4675 

g 

2  furnaces     iSfax           

1 

10239 
11085 

2.184 
2-371 

Single- 

2  furnaces     Manche     

9217 

4381 

2104 

ended     -{ 

3  furnaces    JAmiral  Batidin    ... 

1063 

63-61 

r67i 

boilers. 

3  furnaces    Isly            

{ 

15016 
14463 

7374 
7029 

2036 
2058 

1, 3  fri)aces.(old  boilrs.)ls.s.  Bretagne 

14512 

7007 

2071 

3  furnaces  (coinmonU^,,:i- 
(     combsn.  chmbre.)  T  "-"^^        

1 

25275       I 
2500         J 

14209    { 

1-779 
1759 

Double-    1  3  furnaces    iCapitaine  Prat    ... 

ended     ^4    furnaces   (2  com-.t)'fentrecasteaux... 

26657 

13676 

1935 

28010 

19428 

1-441 

boilers,     j      buslion  climbrs.)...' 

1  4  furnaces  (2    c«)m- 

Columbia 

32933 

16801 

1-960 

bustion  chanibrs.) 

^3  furnaces    

Hoche       

21662 

70-00 

l^ 

Admiralty 
boilers     h 

'3  furnaces    

Matsou-Sima 

... 

18391 

6459 

2  furnaces    

Dupuy  de  Lome ... 

201  -48 
18961 

57-15 

3525 

2  furnaces    

Suchet       

... 

4693 

4040 

1 2  and  ^  furnaces     ... 

Linois        

{ 

18506 

7120 

2599 

161-52 

51-99 

3107 

'i  furnace  ...         | 

Torpedo  boats  Xos. 
to  114     

.05 

94-81 

24-76 

3830 

Locomotive      ,  ,. ,„„               f 

boilers,      i  '  f""^^*^'^  -         { 

Torpedo  boats  Nos. 
to  129     

"' 

1 16-03 

3035 

3823 

1  I  furnace 

Bombe       

7779 

19-37 

4016 

\i  fiu-nace \cheron    

... 

9506 

1916 

4-961 

Type  of  Boiler. 

Number  of 
furnaces. 

Name  of  veuel. 

Horizontal  projection  In 
mqwin  feet. 

Ratio 

c 

of  the  boiler  c. 

of  the  grate  g. 

g 

( 

Latouche-Trc- "" 

5080 

31-43 

1-62 

ville    

7007 

43-38 

1-61 

BclleviJlc      

I  furnace  ■< 

Bugeaud 

.S4-89 

34  44 

159 

1 

Bouvet 

5995 

3552 

1-69 

I 

Charlemagne    ) 
Gaulois         ... ; 

8998 

5737 

157 

f 

2  furnaces... 

Zouave  

5425 

31-43 

173 

Oriollc           \ 

I  furnace  ... 

Torpedo  boats 

\ 

161-163 

4«97 

2422 

1-73 

. 

Bombe 

10710 

5059 

212 

( 

Jemmapes 

13852 

80-73 

172 

Chasseloup- 

DAllcst         

2  furnaces  ■< 

Laubat 

128-83 

6889 

187 

Cissini 

13345 

77  93 

171 

I 

Carnot    ... 

167-92 

9042 

186 

Du  Chayla 

631 

34-4 

184 

Niclausse      

I  furnace 

Friant    

Elan       

26631 
7^36 

18339 
21-42 

l-Ji 

/ 

Dragon  

40-69 

192 

Du  Temple             

I  furnace 

.Averne 

Torpedo  boats 

7575 

38-21 

198 

195-200 

112-48 

4521 

249 

Du  Templc-Normand 

1  furnace  ... 

Filibustier 
Torpedo  boats 

9042 

3337 

271 

148,  149 

121-07 

3574 

339 

Normand      

1     182-185 

116-23 

3875 

3-00 

,  Forban 

128-83 

44-13 

2-92 

'  |Chateau-Ren- 

Normand-Sigaudy 

2  furnaces. 

ault     

Dunois  and 

2397 

964 

248 

^ 

Lahire 

18985 

6480 

293 

Guyot  (Indre)         

I  furnace  ... 

Jeanne  d'Arc   ... 

10x7 

4616 

2-19 

Thornycroft , 

1  furnace   | 

Vcloce 

Coureur 

99-14 
11238 

3799 
38-10 

2-61 
295 
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Regarding  these   figures    M.   Bertin   has   remarked  that  the 
horizontal  space  required  by  a  boiler  may  be  expressed  by  the 
vertical  projection  of  its  horizontal  dimensions  to  the  grate  area. 
Thus  the   coefficient  of  floor  space  for  the  Niclausse  Boiler 
comes  out  lowest  at  1-5.    The  D'Allest  Boiler  1*7  to  iS,  and  the 
Belleville  Boiler  16  to  17.    The  Du  Temple  coefficient  averages 
2*5  and  the  Normand  3.     Double-ended  cylindrical  boilers  have 
a  mean  cocriicient  of  horizontal  floor  space  at  175  and  for  single- 
ended  boilers  it  reaches  2.     Boilers  of  the  navy  type  show  from 
26  to  4,  and  the  locomotive  pattern  goes  from  38  to  nearly  5. 

With  these  figures  may  be  compared  those  given  by  Sir.  A.  J. 
Durston  in  Table  CI  I.  on  page  561  anU. 

The  following  gives  the  total  weight  per  square  foot  of  grate 
surface  of  various  types  of  boilers  : — 

Cylindrical  boilers,  Admiralty  type   ...  ...     1*124  tons 

Single-ended  cylindrical  marine  boilers  ...     0*85       f, 

Double-ended      ...  ...  ...  ...     0-814     „ 

Locomotive  marine  boilers  for  ships  ...     0*96       ,, 

Locomotive  marine  boilers  for  torpedo  boiits...     0549     „ 
Belleville    Boiler  ...  ...  ...     053       y, 

D'Allest  „     ...  ...  ...  ..•     0539     „ 

Niclausse        „     ...  ...  ...  ...     0*466     „ 

Du  Temple    „    (old  type)...  ...  ...     0329     „ 

„  „    (present)  ...  ...  ...     0-411     „ 

Normand         „    (present)  ...  ...  ...     0*421     „ 

Thornycroft    „    (old  type)  ...  ...     0*356     „ 

„    C  Speedy "  type)    ...  ...     0453     „ 

These  are  the  weights  for  boilers  of  warships  only.  The 
weights  of  cylindrical  boilers  for  tw^o  transatlantic  liners  amount 
to  1-27  tons  per  square  foot  of  grate. 

M.  Bertin  remarks  : — 

"The  wcij^^lit  pc-r  square  foot  of  grate  surface  of  modem  tubulous  boilers 
considered  suitable  for  use  on  large  ships  is  very  nearly  half  that  of  the 
ordinary  return-tube  cyHndrical  boilers.  The  weight  of  the  lightest  class  of 
tubulous  boilers  is  about  one-third  those  of  Admiralty  cylindrical  type,  that  is 
to  say,  nearly  equal  <o  the  weight  of  water  contained  ijj  these  latter. 

"  The  weight  per  square  foot  of  grate  would  represent  the  relative  weights 
of  different  boilers  if  the  evaporative  power  per  square  foot  of  grate  were  the 
same  for  all.  This  is  very  far  from  being  the  case,  especially  in  the  Navy, 
where  forced  draught  is  almost  universally  used.     The  relative  weights  ot 
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boilers  can  thus  only  be  determined  after  very  careful  examination,  which  in 
the  nature  of  the  case  must  be  incomplete,  as  it  is  imjwssible  to  determine 
with  any  exactness  the  maximum  evaporative  power  of  a  boiler. 

lVci]ifhts  of  Water. — "The  Admiralty  type  of  cylindrical  boiler  contains 
10'66  cubic  feet  of  water  per  square  foot  of  grate,  and  the  return-tube  or 
Scotch  boiler  738  cubic  feet,  giving  a  mean  of  902  cubic  feet  for  cylindrical 
boilers.  In  locomotive  boilers  the  mean  is  as  low  as  4-92  cubic  feet,  varying 
between  4-26  and  5'58." 

Amongst  tubulous  boilers  the  Belleville  has  0*855  cubic  feet, 
the  Niclausse  2*07,  and  the  D^Allest  type  269  cubic  feet.  Similar 
figures  have  been  published  from  time  to  time  for  numerous 
water- tube  boilers  arranged  for  use  on  land,  but  those  just 
quoted  may  be  taken  as  typical  examples  of  marine  boilers. 

Cost  and  Durability. — The  only  authentic  figures  of  cost  of 
water-tube  boilers,  as  compared  with  cylindrical  boilers,  which 
have  as  yet  been  published,  are  those  given  by  M.  Bertin  in  his 
book.     Writing  in  1898,  M.  Bertin  said  : — 

•'  The  price  per  square  foot  of  grate  of  the  Belleville  Boilers  bought  by  the 
French  Navy  during  the  last  few  years,  has  varied  between  £2yi2  and 
£r35-62  ;  on  an  average  £t;\'9^.  The  Niclausse  boilers  of  the  "  Friant "  have 
also  cost  £3i'()(y.  For  the  D'Allest  boilers  the  price  is  a  little  higher  ;  it  has 
ranged  from  £27- 12  to  £^3864  ;  on  an  average  ;f33'45. 

"  Comparing  the  average  price  of  cylindrical  boilers  with  the  foregoing,  we 
find  it  to  be  ;f327  for  single  or  double-ended  return-tube  boilers,  ;£,48-3i  for 
direct  tube  or  Admiralty  boilers,  and  £S2'7(>  for  boilers  of  the  locomotive 
type.  ...  In  reckoning  the  performance  per  square  foot  of  grate, 
tubulous  boilers  are  25  per  cent,  dearer  than  the  return-tube  boilers,  but  they 
are  10  per  cent,  cheaper  than  Admiralty  boilers,  which  have  in  some  cases 
supplanted  the  return-tube  boilers. 

'*  There  is  only  one  example  of  tubulous  boilers  of  the  second  group  being 
bought  for  ships  other  than  small  craft  ;  that  is,  the  Normand  boilers  of  the 
'  Dunois'  and  of  the  'Lahire,'  costing  ;^64'65  per  square  foot  of  grate.  This 
price  hardly  affords  a  fair  comparison,  as  there  is  no  analogous  case  in  the 
other  series  of  boilers  excepting  the  cylindrical  boilers  of  tlie  '  Fleurus,' 
which  cost  £()5'39.  The  Guyot  boilers  of  the  '  Jeanne  d'Arc,'  according  to 
the  highest  estimate  will  only  cost  i.'44"59  ;  this  price  is  still  high,  but  it 
falls  below  that  of  the  Admiralty  type  boilers,  and  moreover  it  is  unfair  to  the 
Normand  and  Guyot  boilers  to  assume  that  the  same  amount  of  power  per 
square  foot  of  grate  surface  could  be  obtained  from  boilers  of  the  Admiralty 
type  as  from  them." 

On  the  question  of  durability  of  water-tube  boilers,  there  is 
more  information  available  than  is  commonly  supposed.  An 
article  in  En^inecnn^  of  the  27th  December,  1867,  from  the  pen 
of  the  late  Mr.  Ferdinand  Kohn,  and  a  letter  in  the  same  journal 
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of  23rd  Oct()l">er,  1874.  by  the  author  of  this  work,   contain   the 
evidence  that  several  examples  of   Rowan  and    Horton   marine 
boilers  continued  in  active  service  at  a  pressure  of   120   lbs.  per 
square    iiKh    for   close    on    ten   years,   almost    without    repair, 
althou)^h  subject  to  aimual  Board  of  Trade  survey.      At  that  time 
few  cylindrical  marine  boilers  were  able  to  continue  working  at 
their  original  pressure  of  50  to  60  lbs.  for  more  than  ihree  years. 
In    his  paper  on   "  Water-Tul^  or   Coil    Boilers,"  read   at  the 
Hnj^ineerin^   Congress    in    Chicago    in     1H94,     Mr.    C.     Ward 
mentioned  that  one  of  his  boilers,  having  700  sq.  ft.   of   heating 
surface  and  32  sq.  ft.  of  grate  area,  had  worked  at  180  lbs.  steam 
pressure  for  fourteen  years,  requiring  the  renewal  of  only    two 
tubes  during  that  time.     Mr.  Roberts  also,  in  the  discussion   on 
that  paper,  stated  that  one  of  his  lx>ilers  had  been  in    use  for 
thirteen    years,  during  the    summer   seasons,   and    that    it    had 
received  no  repairs.     Other  makers  had  similar  experience  even 
then,  and  in  fact  the  general  result  of  American  experience   has 
been  summed  up  by  Professor  R.  H.Thurston  in  his  contribution 
to  the  discussion  on  the  author's  paper  **  On  Water-Tube  Boilers  " 
in  1897.     "  Durability,^'  he  said,  **  was  a  marked  feature  of   this 
class  of  boilers  with  them  (/.t\,  the  Americans),  and  the  cost  per 
horse-power  hour  or  yeiu-  was  remarkably  small,  as  reckoned  on 
the    repair   and    maintenance   account.      Their   most    extensive 
builders,  after  obtaining  the  statistics  of  between   100,000  and 
200,000  h-p  of  their  boilers  in  use,  and  from  one  to  above  twenty 
years'  service,  reported  these  costs,  as  an  average,  to  fall   under 
live  cents  per  horse-power  year.     As  to  economy,   they  found 
records  of  trials  in  which  an  aggregate  of  above, 3,000  tons   of 
water  was  eva}M)rated  by  270  tons  of  fuel,  an   average  efticiency 
which  he  thought  the  older  types  of  boiler  did  not  attain  ;  it  was 
within  ten,  perhaps  seven,  per  cent  of  unity  efficiency.     During 
an  experience  in  professional  work  of  now  35  years,  and  dating 
from  the  earliest  days  of  commercial  use  of  this  class  of  boiler, 
he  had  never  known  of  their  causing  loss  of  life  or  of  propertv 
by  explosion.    The  comparatively  few  minor  accidents  recorded 
had  been  due  to  isolated  cases  of  incomplete   utilization   of  the 
fundamental  jMinciples  of  construction,  or  to  exceptional  mis- 
management.    If  properly  built  and  maintained  in  good  order 
by  regular  and  wise  rejxiir,  they  practically  never  wore  out,  and 
never  endangered  life  or  property.     They  bore  hard   driving, 
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and  to  an  extraordinary  amount  ;  he  thought  their  record  was 
to-day  vastly  higher  in  this  respect  than  any  shell  boilers.  They 
enormously  economised  weight  and  space,  and  had  always 
seemed  to  him  certain,  in  time,  to  displace  the  older  types,  even 
at  sea,  w^here,  indeed,  they  were  particularly  needed.  Their 
latest  experience  with  them  lent  additional  conhdence  to  their 
ultimate  adaptation  to  even  this  trying  duty,  and  if  steam  pres- 
sure continued  to  rise  50  per  cent,  per  decade,  it  could  not  be 
long  before  they  would  entirely  supplant  the  shell  boiler  in  all 
naval  and  long  voyage  craft,  and  probably  in  all  sea-going  ships. 
The  report  of  the  Engineer-in-Chief  of  the  United  States  Navy, 
just  issued,  dated  October  ist,  1897,  includes  the  following 
statement  relative  to  the  introduction  of  water-tube  boilers  into 
the  batteries  of  boilers  on  naval  vessels,  a  movement  of  supreme 
importance,  and  one  which  had,  as  already  noted,  been  going  on 
for  a  long  time  in  that  service  : — *  The  gradual  replacement  on 
war  vessels  of  the  familiar  cylindrical  boiler  by  various  forms  of 
the  water-tube  boiler  constitutes  the  most  important  fact  in 
marine  engineering  at  this  time.  For  torpedo  boats  their 
superiority  was  so  evident  that  they  quickly  displaced  the  older 
type  and  have  been  used  exclusively  for  some  years,  although 
their  first  appearance  (on  the  "  Ariete  ")  was  only  ten  years  ago. 
The  particular  form  used  in  torpedo  boats  is,  however,  of  such 
light  scanthng  that  hitherto  there  has  been  a  fear  that  its 
longevity  would  not  be  sufficient  to  warrant  the  use  of  such 
boilers  in  large  vessels.  A  different  form  has  been  in  use  in  the 
French  Navy  since  1879,  and  has  also  been  used  in  other  navies, 
in  some  very  extensively,  but  the  saving  of  weight  due  to  its 
use  has  not  been  so  great  as  seems  desirable  if  the  cylindrical 
boiler  is  to  be  definitely  abandoned.  In  1888,  this  Bureau,  alive 
to  the  supreme  importance  of  light  machinery  for  naval  vessels, 
advised  the  Department  to  invite  a  competition  of  manufacturers 
of  water-tube  boilers  with  a  view  to  the  adoption  of  the  success- 
ful one  for  use  in  a  naval  vessel.  As  a  result  of  this  action,  coil 
boilers  were  installed  in  the  **  Monterey"  in  1892,  and  have  been  in 
successful  use  ever  since.  This  was  the  first  instance  of  the  use 
of  light  water-tube  boilers  for  a  large  power  (over  4,000  I.H.P.) 
on  a  large  ship.  It  would  have  been  easy  for  this  Bureau  to 
gain  a  cheap  reputation  for  progressiveness  by  adopting  this 
type  of  boiler  at  once  for  all  ships,  but  there  had  not  been  sufti- 
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cient  experience  in  the  use  of  these  boilers  for  extended  cruising 
at  sea  to  make  such  a  step  judicious,  and  for  the  highest  efficiency 
of  the  fleet.     The  Monterey  was  expressly  designed  for  coast 
defence,  so  that  she  would  always  be  near  repair  shops  if  neces- 
sary, and  her  case  was  different  from  that  of  ships  designed  for 
general  cruising.     The  conditions  of  the  building  of  our   new- 
Navy  made  it  imperative  that  every  unit  should  be   absolutely 
reliable.     We  were  not  adding  to  a  navy  up-to-date,  but  were 
replacing  obsolete  ships  with  modern  ones.     With  only  three 
battleships  in  commission,  we  could  not  experiment  on  the  few 
additional   ones   authorised.     Consequently,   although   realising 
the  advantages  of  a  reduction   of  boiler   weights,    if   obtained 
without  sacrificing  reliability,  the  Bureau  has  used  cylindrical 
boilers  in  the  recent  battleships.     Meanwhile,  experience  of  our 
own  has  been  acquired  from  the  service  of  the  **  Monterey,'*  the 
*'Cushing,^'and  the  "  Ericsson,"  and  careful  attention  has  been  paid 
to  what   is  doing  in  the  merchant  marine  and  in  foreign  naval 
services.     The  lust  report  of  the  Bureau  showed  the  adoption  of 
Babcock  and  Wilcox  boilers  for  the  "  Chicago"  and  for  the  **  Anna- 
polis" and  the  "  Marietta."     Since  then  it  has  been  decided,  in  the 
modernising  of  the  "  Atlanta's  "  machinery,  to  use  this  same  make 
of  boiler  for  about  two-thirds  of  her  power.     The  **  Nashville  "  has 
Yarrow  boilers  for  about  the  same  fraction  of  power.     As  is 
shown  elsewhere  in  this  report,  the  "  Annapolis,"  **  Marietta,"  and 
**  Nashville  "  have  passed  their  contract  trials  successfully, and  their 
water-tube  boilers  were  entirely  satisfactory.     The  Bureau  feels 
that,  with  the  experience  now  gained,  the  efliciency  of  the  fleet 
will  be  best  served  by  using  water-tube  boilers  on  future  ships. 
As  yet,  it  can  certainly  not  be  said  that  any  one  of  the  numerous 
varieties  of  water-fube  boilers  is  absolutely  the  best.     Some  of 
the  ablest  engineers  in   the  world  have  identified  their  names 
with  particular  forms  of  this  type  of  boiler,  and  it  is  probable 
that,  as  t  xpcrience  accumulates,  a  form  of  boiler  will  be  evolved 
embracing  the  best  features  of  all  of  them.'  " 

In  a  paper  on  **  Water-tube  Boilers  in  the  U.  S.  Navy,"  read 
in  November,  1899.  to  the  Society  of  Naval  Architects  and 
Marine  Engineers  in  New  York,^  Admiral  G.  W.  Melville,  the 
Engineer-in-Chief  of  that  Navy,  said  that  the  decision  to  adopt 

»  Abstract  published  in  The  Mcchouiml  Efighiecr^  December  16,  1899  I  s<^ 
Science  AhshactSy  Vol.  iii.,  p.  102. 
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vvaier-tube  boilers  in  all  future  vessels  of  their  Na\y  was  a 
natuial  step  in  the  advance  towards  a  perfect  fighting  machine. 
This  opinion  is  all  the  more  reniiirkable  that  in  the  same  paper 
he  announced  that  as  an  engineer  he  considers  the  design  of 
these  boilers  to  be  wrong  in  principle,  but  he  has  become  con- 
vinced that  in  spite  of  all  drawbacks  they  are  tactical  necessities 
for  warships.  The  grounds  upon  which  he  objects  to  their 
design  are,  that  the  pressure  is  borne  on  the  inside,  instead  of 
on  the  outside,  of  the  tubes,  this  being,  he  considers,  the 
weakest  part  of  the  boilers  ;  that  there  is  a  smaller  quantity  of 
water  carried  in  these  boilers  than  in  the  cylindrical  type  ;  that 
there  is  difficulty  in  observing  the  leaks  in  the  tubes  ;  and  that 
the  value  of  the  heating  surface  is  less  than  in  the  other  design. 
There  seems  to  be  less  force  in  the  first  objection  than  in  the 
others,  because  in  order  to  have  a  pressure  of  steam,  some  sort 
of  vessel  must  be  supposed,  and  the  only  question  is  as  to  the 
best  form.  The  circular  is  the  strongest  form  for  resisting 
pressure,  and  the  smaller  the  diameter  the  greater  the  strength 
per  unit  of  surface.  Tubes  as  made  may  be  weaker  under 
pressure  from  within  than  under  conditions  which  expose  them 
to  a  collapsing  pressure,  but  that  is  a  question  of  material  and 
thickness,  not  of  form.  Moreover,  in  order  to  have  any  con- 
siderable amount  of  heating  surface  obtained  from  fire-tubes,  a 
vessel  of  considerable  size  is  required,  as  in  the  cylindrical 
boiler,  with  all  its  attendant  drawbacks,  in  view  of  the  higher 
pressure  of  steam.  As  to  the  other  grounds  of  objection,  the 
smaller  quantity  of  water  necessitates  greater  perfection  in  the 
feed  arrangements,  and  more  careful  attention,  which  are  by  no 
means  insuperable  difficulties  ;  and  the  heating  surface  question 
is  in  a  fair  way  of  being  settled.  "  At  first,"  says  Admiral 
Melville,  "  the  heating  surface  of  water-tube  boilers  was  made 
3  sq.  ft.  per  H.P.,  as  against  2  sq.  ft.  necessary  with  cyhndrical 
boilers.  This  figure  has  been  gradually  reduced,  until  now  we 
are  down  to  2*4  sq.  ft.  of  heating  surface  per  H.P.,  about  as  low 
as  I  think  it  is  yet  safe  to  go  with  water-tube  boilers.     .     .  The 

ratio  of  heating  to  grate  surface  has  been  kept  up  to  at  least  40, 
although  we  do  not  yet  feel  warranted  in  allowing  as  small  grate 
surface  in  water-tube  as  in  cylindrical  boilers.  Water-tube 
boilers  lose  in  efficiency  when  forced,  especially  those  of  the 
straight  tube  type.     .     .     .    The  increased  grate  surface  we  have 
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acquired  with  water-tube  boilers  will  be  a  positive  advantage  to 
our  ships*  steaming  quahties.  I  consider  that  sustained  sea 
speed  depends  largely  upon  the  grate  surface.'* 

Since  the  **  Cushing,"  all  torpedo  boats  and  destroyers  in  the 
American  Xavy  have  been  equipped  with  water-tube  boilers, 
which  have  proved  to  be  quite  as  reliable  as  the  light  engines 
used  in  these  vessels,  and  by  making  the  attainment  of  higher 
speeds  possible,  have  added  to  their  efficiency  and  security. 

The  water-tube  boilers  in  the  "  Monterey  "  (Ward  boilers), 
the  *'  Nashville  "  (Yarrow  boilers),  the  **  Marietta  "  (Babcock- 
VVilcox  boilers),  the  "  Annapolis "  (Babcock-Wilcox  boilers), 
and  the  *'  Chicago  "  (Habcock- Wilcox  boilers),  have  come  suc- 
cessfully throngii  a  considerable  amount  of  service.  The 
"  Monterey  "  made  a  voyage  of  about  8,000  knots,  largely  under 
forced  combustion,  and,  whenever  possible,  with  all  boilers  in 
use.  "  There  was  no  resultant  injury  to  the  water-tube  boilers, 
which  performed  well  throughout  the  trial,  but  the  combustion 
chambers  of  the  cylindrical  boilers  came  out  of  the  trial  badly 
bulged.'*  The  *'  Marietta"  made  a  trip  around  South  America  at 
the  beginning  of  the  war  with  Spain, and  no  repairs  weie  required 
to  the  boilers  after  the  completion  of  the  trip.  The  **  Annapohs  " 
and  "Chicago"  also  maintained  the  same  level  of  excellence. 

The  boilers  of  the  "  Monterey"  have  been  twice  re-tubed  on 
board  the  ship  by  the  engineering  stafi*  there,  without  the 
necessity  of  laying  up  the  ship  at  a  Navy  Yard,  and  in  the  case 
of  the  old  monitors,  "  Canonicus,"  "  Mahopac,"  and  **  Man- 
hattan," the  ok!  rectangular  boilers,  which  were  worn  out,  were 
replaced  by  Habcock- Wilcox  land-type  boilers  without  dis- 
turbing the  vessels'  decks.  The  old  boilers  were  cut  up  and 
passed  out  through  the  funnel,  down  which  parts  of  the  new 
boilers  were  passed.  They  were  assembled  in  the  enginerooni  space 
and  erected  in  position,  the  whole  operation  having  taken  less  time 
than  was  required  for  the  construction  of  the  original  boilers. 

In  the  case  of  vessels  having  protective  decks,  the  facility 
with  which  water-tube  boilers  can  be  removed  or  completely 
renewed  without  disturbing  the  decks  is  of  innnense  im- 
portance, and,  with  the  result  named  above,  is  impossible  with 
cylindrical  boilers.  The  following  vessels  are  being  litted  wholly 
or  partially  with  water-tube  boilers  :— The  ''Alert,"  '''Atlanta," 
"Cincinnati,"  and  "Wyoming,'*  viith   Babcock-Wilcox  boilers; 
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the  *'  Maine  "  and  ^'  Connecticut,"  with  Niclausse  boilers  ;  the 
"Missouri,"  "Wisconsin,"  and  "Arkansas,"  with  Thornycroft 
boilers  ;  and  the  "  Florida  "  with  modified  Normand  boilers. 

No  trouble  has  as  yet  been  experienced  from  s<ilt  water  or 
grease  in  water-tube  boilers,  but  in  the ,  short  w^ar  with  Spain 
several  of  the  U.S.  vessels  suffered  severely  from  dropped 
furnaces  in  their  cylindrical  boilers. 

With  regard  to  the  accidents  and  failures  reported  against 
water-tube  boilers,  Admiral  Melville  says  that  we  hear  of  all  the 
failures,  but  the  successes  are  not  mentioned.  He  considers  that 
the  experience  of  the  last  ten  years  or  more  in  the  U.S.  and 
other  navies  proves  that  water-tube  boilers,  when  proper  pre- 
cautions are  used,  can  be  successfully  adopted  for  the  steam- 
generating  plant  of  ocean-going  vessels. 

In  the  French  Navy,  according  to  M.  Bertin,  the  Belleville 
boilers  are  the  only  type  of  tubulous  boilers  which  have  been  in 
service  for  any  length  of  time;  "  The  ease  with  which  the 
various  elements  can  be  replaced  renders  it  very  difficult  to 
determine  exactly  the  real  life  of  the  boiler  ;  the  replacing  of 
the  ash-pans  and  casings,  which  in  itself  is  a  small  matter,  is  to 
some  extent  a  guide  in  this  direction.  The  Belleville  boilers  of 
the  *  Milan '  in  1891,  had,  in  the  course  of  a  few  months, 
several  tubes  pitted  through  sufiiciently  to  put  the  boat  out  of 
service,  although  they  were  in  good  condition  when  she  started, 
while  on  the  *  Voltigeur,'  the  Belleville  boilers,  which  have  been 
renewed  piecemeal  during  almost  twenty  years,  have  always 
behaved  well,  and  successfully  withstood  the  test  of  several  long 
commissions. 

"Just  as  unfavourable  examples  can  be  quoted  for  cylindrical 
boilers  as  for  tubulous,  as  is  evidenced  in  the  case  of  the 
^  Marceau  *  during  her  Cronstadt  commission,  where  the  same 
thing  happened  as  on  board  the  *  Milan.'  We  may,  therefore, 
arrive  at  the  conclusion  that  the  use  of  cylindrical  boilers  does 
not  offer  a  guarantee  of  continuous  satisfactory  working  much 
superior  to  that  of  the  Belleville  boilers.  Further,  exact  com- 
parison will  never  be  possible  between  two  durabilities  of  which 
one  only  can  be  defined.  The  cylindrical  boilers  of  warships 
have  a  Hfe  of  eight  years,  or  at  most  ten,  including  at  least  one 
thorough  overhauling  during  that  period.  They  are  then  con- 
demned and  broken  up,  although  still  containing  a  good  many 
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sound  portions,  because  there  is  of  necessity  a  limit  to  patching. 
At  the  end  of  ten  years  a  tubulous  boiler  will  not  have  experi- 
enced a  thorout^h  overhaul,  but  will  have  undergone  a 
good  many  repairs ;  some  parts  may  have  been  already 
changed  twice,  and  even  need  replacing  a  third  time,  without  in 
any  way  prejudicing  those  portions  of  the  boiler  which  have 
remained  intact  ;  there  is  then  no  reason  why  the  boiler  should 
be  condemned. 

"  The  foregoing  considerations  appear  favourable  to  tubulous 
boilers  in  regard  to  durability,  but  it  would  be  unwise  to 
generalise.  Tubular  boilers,  in  certain  conditions  of  work  and 
maintenance,  have  a  very  long  life  without  necessitating  any 
very  extensive  repairs."  Instance  the  case  of  the  White  Star 
Company,  where  the  boilers  worked  for  twxnt}'-four  years, 
and  that  of  the  "  Notre  Dame  du  Salut,"  whose  boilers  had 
undergone  twenty  years  of  service  up  to  the  time  when  the 
vessel  was  chartered  by  the  French  Navy.  "  A  tubulous  boiler 
would  not,  in  all  probability,  have  reached  this  advanced  age 
without  having  often  had  different  parts  replaced  by  new  ones.  .  .  . 
On  the  other  hand,  when  the  conditions  are  altogether  against 
durability,  as  on  torpedo  boats,  where  locomotive  boilers  only  last 
three  years,  tubulous  boilers  offer  a  decided  advantage. 

*'  Mr.  Thorny  croft  states  that  his  boilers  usually  stand  eight 
years*  service  without  extensive  repairs,  certainly  without  a 
thorough  overhauling." 

Although  these  remarks  seem  at  present  to  put  the  case  fairly, 
it  must  not  be  forgotten  that  a  longer  experience  of  tubulous 
boilers  may  materially  change  that  aspect  of  this  question.  The 
proportion  of  tubulous  to  cylindrical  boilers  in  actual  use  at  sea 
is  as  yet  small,  and  ''it  is  unreasonable  to  suppose  that,  as  ex- 
perience accumulates,  water-tube  boilers  will  not  be  as  durable 
as  any  others  in  proportion  to  the  work  done  by  them."  * 

Moreover,  as  Mr.  Milton  has  remarked,*  "  it  must  be  remem- 
bered that  treatment  is  the  most  vital  factor  in  the  question,  and 
that  the  present  long  service  obtained  from  ordinary  boilers 
has  only  been  realised  as  the  result  of  long  years  of  experience 

»  "  On  Water-Tube  Boilers,"  by  F.  J.  Rowan.  Trans.  Inst.  Eng.  and  Ship- 
builders in  Scotland      Vol.  xli.,  p.  35. 

•  "  VV^ater-tube  Boilers  for  Marine  Engines,"  by  J.  T.  Milton.  Min.  Proc, 
Inst.  C.E.     Vol.  cxxxvii.,  p.  301, 
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as  to  the  best  methods  of  management.  There  was  a  time 
when  a  Hfe  of  eight  years  was  looked  upon  as  an  excellent 
result,  whereas  now  20  years'  service  is  by  no  means  un- 
common, and  is  often  exceeded.  If  water-tube  boilers  become 
common,  experience  will  doubtless  soon  show  the  best  means 
of  preserving  them." 

Hudson's  Tables, — ^The  following  tables  by  Mr.  J.  G.  Hudson, 
referred  to  in  Chapter  IV.,  show  some  of  the  results  of  trials 
already  quoted  herein,  calculated  out  to  show  the  disposal  of  the 
heat  of  the  fuel  and  the  velocity  of  the  fire  gases. 

Table  CXVIII. 
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Plottinff  the  above  temperatureB,  the  ordinate  correepondinff  with  I'lOB 
•q.  ft.  gives  705  deg.  as  the  final  temperature,  the  •pe«d  at  which  i«  22'S3ft. 
per  second,  and  the  transmission  per  degree  3*69  units.  The  rates  of 
transmission  given  as  at  entering  and  leaving  tubes,  are  the  rates 
calculated  from  the  temperatures  ut  these  points,  and  therefore  apply  to 
succeeding  sections,  starting  with  these  temperatures.  The  rates  at  the 
actual  points  of  entering  and  leaving  would  therefore  be  somewhat  in 
excess  of  those  tabled. 
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A    comparative    view   of    these    results    is   afforded    by  the 
following  diagram  : — 


1^^ 


It  is  apparent  from  a  review  of  results  that  none  of  the 
boilers  hitherto  introduced  have  attained  a  performance  which 
entitles  them  to  be  considered  as  even  approaching  finality  in 
their  design. 

Certainly  none  of  them  carries  out  to  any  degree  of  com- 
pleteness the  appHcation  of  the  principles  discussed  in  this 
book,  although  there  are  evidences  of  attempts  having  been 
made  in  certain  examples  to  reach  a  more  thorough  applica- 
tion of  some  of  these  principles.  Attention  has  been  directed 
to  obtaining  more  perfect  combustion  in  some  forms  of  Babcock 
and  Wilcox  boilers,  in  the  later  Haylhorn  and  Weir  designs, 
and  in  those  proposed  for  the  American  motor  car  as  illus- 
trated in  the  Mechanical  Engineer  of  9th  April,  1898,  and  by 
Professor  Watkinson  in  his  patent,  No.  13328  of  1898.  The 
spiral  movement  of  the  heated  currents  of  water  has  been 
provided  for  in  Dr.  De  Laval's  form  of  boiler,  and  this  inventor 
seems  also  to  have  appreciated  the  importance  of  forced  or 
accelerated  circulation  of  the  water.  The  boiler  patented  by 
Dagnell  and  Southey  (see  the  Mechanical  Engineer^  2nd  April, 
1898,  page  360)  also  shows  that  an  appreciation  of  the  value  of 
a  spiral  movement  of   the  water  is  beginning  to  dawn  upon 
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inventors,  although  in  that  special  case  that  motion  is  utilised  for 
other  purposes  than  that  of  heat  transmission.  It  is  the  better 
utilisation  of  the  heating  surface  which  offers  the  most  promis- 
ing direction  in  which  improved  evaporative  results  mav  be 
anticipated.  Both  water  and  gases  should  be  caused  where 
possible  to  travel  over  the  surfaces  with  a  spiral  movement  and 
it  is  important  that  the  two  currents  should  mctve  in  opposite 
directions  and  at  suitable  velocities. 
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The  modern  history  of  forced  draught  appliances  is  fully  described  and 
illustrated  in  the  following  publications,  which  may  be  consulted  for  many 
details  which  are  necessarily  omitted  from  this  work  : — 

Peclet,  "  Traite  de  la  Chaleur,"  chaps,  vi.  and  vii. 

C.  Wye  Williams,  "  Fuel  :  Its  Combustion  and  Economy,"  pp.  134-138. 

F".  J.  Rowan,  "The  Design  and  Use  of  Boilers,"  Engineering,  vol.  xxvi., 
pp.  164-283. 

P.  J.  Rowan,  "  Chimney  Draught  and  Forced  Combustion,"  Trans.  Inst. 
Engineers  &  Shipbuilders  in  Scotland,  vol.  xxxii.,  p.  109. 

Capt.  Hamilton  Geary,  Journal  Royal  United  Service  Instn.,  vol.  xxi.  (1877), 
p.  956. 

D.  K.  Clark,  "  The  Steam  Engine,"  etc.,  vol.  iv.,  pp.  667-676. 

„  "  Railway  Machinery." 

W.  G.  Spence,  "  On  Forced  Draught."  Trans.  N.  E.  Coast  Inst.  Engineers. 
Jan.,  1888. 

J.  A.  F.  Aspinall,  "The  Draught  of  Locomotives."  Inst.  Mech.  Engineers. 

1893- 
Engtnecring  Xcivs,  Xew  York.     June  7,  1890. 
The  Engineer^  London.     January  23  and  F^ebruary  6,  1891. 
Transactions  of  the  Inst.  Xaval  Architects  : 

1880.     Papers  by  J.  F.  Flannery. 

1883.  „  R.  \  Butler. 

1884.  „         James  Howden. 

1885.  „  J.  T.  Milton  and  M.  H.  Robinson. 

1886.  „  R.  Sennet  and  James  Howden. 
i«93.            „         J.  D.  Ellis. 

1894.  „  F.  Gross. 

1895-  „  W.  A.  Martin. 

A.  J.  Durston,  Trans.  Inst.  Marine  Engineers  (1865)  and  Proc.  Inst.  C.E., 
Vol.  cxix.,  p.  17. 

James  Howden,  "  Forced  Combustion  in  Steam  Boilers,"  Proc.  International 
Engineering  Congress,  1894,  Vol.  ii. 

J.  Patterson  and  M.  Sandison,  "Forced  Draught,"  Trans.  N.  E.  Coast.  Eng., 
Vol.  ii.  (1886). 

M.  Paul,  "Suction  Draught,"  Trans.  Inst.  Engineers  and  Shipbuilders  in 
Scotland,  Vol.  xl.  (1897). 

J.  Thom,  "  Comparison  of  Systems,"  etc..  Trans.  Inst.  Engineers  and 
Shipbuilders  in  Scotland,  Vol.  xxxix.  (1896). 

J.  C.  Hoadley,  "Warm  Blast  Steam  Boiler  Furnaces,"  Wiley  and  Sons, 
Xew  York  (2nd  ed.). 
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List  of  Writings  on  Heat  Transmission. 

1690.  Sir  Isaac  Newton. 

1818.  DuL<»NG  AND  Petit,  Ann.  Ch.  Phys.  [2],  vii.,  pp.  225-337. 

1872.  Joseph  Fourier,  "  Theorie  AnaUiique  de  la  Chaleur  "  (Paris,  1822J. 

1H35.  PoissoN,  "Theorie  Mathematique  de  la  Chaleur"  (Paris,  1835). 

„  Despretz,  Ann.  Ch.  Phys.  [2],  xix.,  97  ;  xxxvi.,  p.  422. 

1840.  E.  Peclet,  "Traite  de  la  Chaleur"  (3rd  Edn.,  Liege,  1844). 

1844.  WiEOMASN  AND  Franz,  Pogg.  Ann.,  Ixxxix.,  p.  497. 

1848.  T.  Craddock,  "  Chemistry  of  the  Sieam  Engine"  (Birmingham,  1H481 

1858.  J.  Graham,  Proc.  Lit.  and  Phil.  Soc,  Manchester,  1S58,  Feby. 

1859.  W.  J.  M.  Rankine,  "  The  Steam  Engine  and  other  Prime  Movers." 
1864.  CoLDiNG,  see  Min.  Proc.  Inst.  C.E.,  vol.  Ixxvii.,  p.  31 1. 

1867.  B.  F.  IsHERWCM)D,  see  "The  Steam  Engine,"  by  D.  K.  Clark,  vol.  i.,p.  14 

1871.  J.  Clerk  Maxwell,  "Theory  of  Heat"  (London,  187 1). 

1875.  Paul  Havrez,  Ann.  du  Genie  Civil,  1874. 

„  „  „  Etudes  sur  les  Chaudieres  a  Vapeur  (Liege,  i875>. 

„  GouiLLAi'D,  Ann.  Ch.  Phys.  [3],  xlviii.,  p.  47. 

„  Angstrom,  Pogg.  Ann.,  cxiv.,  p.  527. 

„  OsiJORNE  Reynolds,  Proc.  Lit.  and  Phil.  Soc.,  Manchester,  vol.  xiv.(i875,* 

1876.  Heumann,  Ann.  de  Ch.  et  Phys.  [3],  Ixvi.,  p.  185. 

1883.  G.  A.  Hagemann,  Min.  Proc.  Inst.,  C.E.,  vol.  Ixxvii.,  pp.  311-322. 

„  A.  Winkelmann,  „  „  „  p.  468. 

1886.  J.  Fletcher,  Ett^itieering^  vol.  xlii.,  p.  69. 

1 889.  C.  R.  Lang,  Trans.  Inst.  Eng.  and  Shipbuilders  in  Scot.,  vol.  xxxii.,  p.  287. 
„  D.  K.  Clark,  "The  Steam  Engine,"  etc.,  vol.  i.,  pp.  13-81. 

„  „  „  Manual  of  Rules,  Tables,  etc.,  p.  465. 

1890.  J.  G.  Hudson,  llw  Engineer,  vol.  Ixx.,  pp.  449,  483,  523. 

„         „    Ixxvi.,  p.  107. 

„  J.  Hirsch,  Bull,  de  la  Soc.  d'Enc.  pour  Indus.  Nat.,  vol.  v.,  p.  302. 

1891.  A.  F.  Yarrow,  Trans.  Inst.  N.A.,  vol.  xxxii.,  p.  98. 

„  Louis  Ser,  Traite  de  Physique  Industrielle,  vol.  i.,  pp.  225-227. 

1892.  A.  C.  Kirk,  Engineering^ \oL  liv.,  pp.  78,  333. 

1893.  A.  Blechynden,  Trans.  Inst.  N.A.  vol.  xxxv.,  p.  70. 

„  „  „  Engineer,  Ixxvi.,  pp.  98,  127  ;  Ixxxi.,  p.  509. 

„  „  „  Engineering,  Ivi.,  p.  74  ;  be.,  p.  50. 

„  A.  J.  DUKSTON,  Trans.  Inst.  N.A.,  vol.  xxxiv.,  p.  130. 

„  A.  WiTZ,  Compt.  Rendus  de  I'Acad.  des  Sciences. 

„  „  Min.  Proc.  Inst.  C.E.,  vol.  cviii.,  p.  473. 

1895.  James  Foster,  "  Evaporation  by  Multiple  Effect  "  (2nd  Edn.,  Sunder- 

„  A.  NoRMAND,  Trans.  Inst.  N.A.,  vol.  xxxvi.  [land,  iHoS* 

„  C.  E.  Stromeyer,  Engineering,  vol.  Iviii.,  p.  443. 

„  Lord  Kelvin,  Encycl.  Brit.,  9th  Edn.,  Article  Heat. 

„  T.  E.  Stanton,  Phil.  Trans.,  A.,  1897,  vol.  190,  pp.  67-88. 

1898.  J.  Perry,  Trans.  Inst.  E.  and  S.  in  Scot.,  vol.  xlii.,  p.  63. 

„  G.  Halliday,  Trans.  Inst.  E.  and  S.      „        „        p.  41. 

„  „         „        Engineer,  vol.  Ixxxvii.,  p.  473,  and  26th  Dec,  1899,  p.  653- 

„  E.  M.  Bryant,  Min.  Proc.  Inst.  C.E.,  vol.  cxxxii.,  p.  274. 

1901.  E.  C.  Schmidt,  Railroad  Gazette  (New  York),  vol.  xxxiii.,  pp.408,  4^ 
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APPENDIX   III. 
On  Boiler  Incrustation  and  Corrosion. 

There  is  perhaps  no  subject  connected  with  Engineering  Science  which 
at  the  present  time  commands  more  attention  or  causes  more  perplexity 
than  does  the  compound  subject  of  this  paper.  In  Marine  Engine  practice 
its  difticulties  are  mOvSt  keenly  felt  ;  and  of  itself  that  is  a  field  of  operation 
large  enough,  as  it  involves  interests  sufficiently  extensive  to  give  great 
importance  to  the  subject,  and  to  demand  the  utmost  exertions  of  engineers 
towards  the  sol-ulion  of  its  problems,  and  the  providing  of  remedies  or 
preventive  measures  against  the  ravages  of  what  is  an  active  and  powerful 
agent  in  the  destruction  of  their  works.  But  the  range  of  action  which  this 
destructive  agent  has  is  bounded  only  by  that  which  puts  a  limit  to  the 
use  of  steam,  and  hence  many  other  interests  besides  those  of  engineers 
are  involved  in  the  matter. 

The  state  of  general  information  about  this  subject  is  very  unsatisfactory, 
because  it  amounts  only  to  the  fact  that  obscurity,  or  at  least  uncertainty,  pre- 
vails. Yet  many  facts  of  the  greatest  interest  and  importance  have  been 
observed  and  noted,  and,  as  is  usual  in  such  cases,  there  are  some  men  who 
have  considered  these  in  the  light  of  their  own  experience  with  the  intelli- 
gence which  is  needed  in  order  to  turn  all  to  good  account.  As  the  subject  is 
partly  a  chemical  and  partly  a  mechanical  one,  it  demands,  in  order  that  it 
may  be  successfully  grappled  with,  a  combination  of  scientific  and  practical 
information  which,  in  consequence  of  defective  educational  methods,  has  not 
frequently  been  found  among  engineers. 

I  propose  to  myself  in  this  paper  the  simple  task  of  bringing  together  these 
scattered  facts  and  observations,  adding  to  them  in  whatever  measure  I  am 
able,  in  order  to  elucidate  if  possible  the  full  truth  of  the  matter.  The  course 
of  investigation  and  inquiry  which  have  been  called  forth  has  been  marked  by 
the  suggestion  of  various  remedies.  The  earlier  stages  have  produced  the 
recommendation  of  a  variety  of  empyrical  remedies  or  nostrums — substances 
which  have  been  proposed  apparently  for  every  conceivable  reason  except  an 
intelligent  perception  of  the  nature  oi'  the  action  to  be  counteracted,  and  con- 
sequently of  the  qualities  requisite  in  the  remedy.  A  list  of  these  applying  to 
Incrustation  is  given  in  a  paper  by  Mr.  James  Napier,  published  in  the  Proc.  of 
the  Phil.  Soc.  of  Glasf^oiv  (vol.  iv.,  1855-58),  who  gives  also  some'^ccount  of 
the  moie  rational  methods  proposed  in  his  day.  For  Corrosion  a  similar  list 
has  in  recent  times  appeared— too  large,  however,  to  quote  at  length  ;  and 
some  methods  of  working  have  been  proposed  which  have  been  more  or  less 
successful  under  special  circumstances,  but  all  partial  in  their  application. 
Of  these  are  the  endeavour  to  form  a  scale  of  salt  by  the  use  of  a 
proportion  of  sea  water,  the  use  of  zinc  in  the  boilers,  filtering  the  feed 
water,  etc. 

There  seems  to  be  in  some  quarters  the  idea  that  Incrustation  and  Corrosion 
of  Boilers,  inasmuch  as  in  general  they  both  result  in  the  destruction  of  the 
boilers,  are  one  and  the  same  action.  But  although  this  is  an  error,  and  the 
two  actions  are  very  dissimilar,  yet  they  are  so  often  united  in  effecting  the 
destruction  of  boilers  (and  almost  all  crusts  contain  iron),  and  are  so  often 
present  successively  in  the  same  boiler  (i.e.,  a  crust  being  formed  and  then 
decomposed  or   partially   decomposed,  with   injury   to   the  boiler),  that  an 
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examination  which  did  not  include  a  notice  of  both  could  not  lay  claim  to  any 
dei^ree  of  completeness. 

IXCRUSTATIOX. 

A  few  years  aj^o  the  attention  of  all  concerned  was  exclusively  directed  r 
Incrustation,  its  evils  and  prevention.  The  evils  produced  by  it  are  numenuf. 
for  boilers,  when  coated  with  crust,  quickly  accumulate  layers  of  tbs 
material,  which  is  a  bad  conductor  of  heat,  and  thus  are  not  only  hard  t<- 
steam,  rc^uirin^j  a  lar^e  cxccns  oi  coal,  but  are  more  quickly  worn  out  a-id 
sometimes  suddenly  oxidi^ed  or  "burned,"  in  consequence  of  the  increased 
temperature  rendered  neces^^ary  in  the  furnaces.  Dr.  J.  G.  Ko^jers.  » r 
M.ulison,  U.S.,  in  a  paper  published  some  years  a^o,  estimated  the  conduclirm 
power  of  cruets  as  compared  with  that  of  iron  as  i  is  to  ;;^7'^.  A  scale  V. 
inch  tliick.  he  says,  requires  an  extra  expenditure  of  15  per  cent,  more  fuel, 
and  this  ratio  increases  as  the  scale  is  thicker.  Thus  when  it  is  \  inch,  60  per 
cent,  more  fuel  is  needed  ;  ^  inch,  150  per  cent.,  etc.  The  temperature  of  tic 
heatiiiii  surface  «)1  tlie  boiler  must  be  raised  in  proportion  to  the  thickntrs>  01 
scale.  Tims,  while  to  produce  steam  of  a  pressure  of  90  lbs.,  water  must  Nr 
heated  to  about  320  Kahr.,  and  this  can  be  done  in  clean  boilers  with  |-inch 
plates  by  liealin^  the  boiler  surface  to  about  325°,  if  J.inch  of  scale  iiitervene> 
between  liie  *hcll  and  the  water,  it  will  be  necessary  to  raise  the  temperature 
ol  the  healiuii  surtace  to  about  700^  almost  low  red  heat.  Iron  oxidises  the 
more  r.tpidly  I  lie  hiLjher  the  temperature  at  which  it  is  kept,  and  at  anv  heal 
al>ove  (>oo  it  very  soon  becomes  jjranular  and  brittle,  and  is  liable  to  ^'\c 
way  under  pressure.  This  condition  predisposes  the  boiler  to  explosion,  and 
m.ikes  expcn-^i\e  repairs  necessary,  and  the  presence  of  scale  also  renders  the 
raisinji  and  lowerinj^  of  sleam  slower.  [Chcni.  \ctrs,  vol.  xxvi.,  p.  17.)  The 
proper  circulation  of  the  w.iter  is  also  interfered  with  by  the  presence  ot 
crusl.  Hoili  economy  and  durability  thus  require  the  absence  or  prevention 
ot  ciust. 

There  are  two  distinct  classes  of  boilers  which  are  subject  to  incrustation, 
and  these  are — 

1.  Land  boilers  usin^  natural  fresh  waters,  and 

2.  Marine  boilers  usinj^  sea  water. 

I.  There  is  no  doubt  that  the  quality  of  natural  fresh  waters  varies 
between  wide  limits,  from  rain  water  on  the  one  hand,  which  contains  n«> 
mineral  impurities,  to  tliat  of  highly  charged  mineral  and  chalybeate  sprinijs 
on  tlie  other.  But  in  this  matter,  as  in  every  other,  extreme  or  exceptional 
cases  always  demand  exceptional  treatment,  and,  therefore,  we  shall  leaxc 
these  aside  and  consider  the  more  j^eneral  and  useful  aspect  of  the  subject- 

An  examination  ol"  the  analyses  of  waters  supplied  to  the  principal  manu- 
facturing towns  in  Britain  (such  as,  for  instance,  are  published  in  the  Kep<«rt 
of  the  Re.s^Mstrar-General,  Vol.  VI.)  and  comparison  with  that  of  rivers  in  other 
countries,  demonstrates  that  no  better  j^^eneral  or  average  illustration  of  this 
class  can  be  met  witli  than  is  afforded  by  the  River  Clyde  water,  which  was 
in  general  use  in  this  citv  and  neighbourhood  prior  to  the  introduction  u: 
Loch  Katrine  water,  and  whicli  is  still  used  in  some  manufacturing  establish- 
ments. As  analysed  by  Dr.  Wallace  in  1848,  that  water  contained  thefolluw- 
ing  impurities,  which  are  here  tabulated  in  grains  to  the  gallon  : — 

Clydp:  Watkr  as  Supplied  to  Glasgow  in  1848. 

Carbonate  of  lime 2*52 

Carbonate  of  magnesia    ...         ...         ...         ...         ...         ...  -72 

Sulphate  of  lime    ...         ...         ...         ...         ...         ...         ...  -26 

Sulphates  of  potash  and  soda     ...         ...         ...         ...         ...  1*94 

Chloride  of  magnesium   ...         ...         ...         ...         ...         ...  -40 
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Chloride  of  sodium          -54 

Oxide  of  iron         trace. 

Phosphate  of  lime  and  alumina             -31 

Silica           28 

Organic  matter      "89 

Total       786 

Dr.  Wallace  (to  whose  courtesy  I  am  indebted  for  the  above  and  other 
information  on  this  subject,  and  for  much  valuable  assistance  in  connection 
with  this  paper)  has  Informed  me  that  the  total  amount  of  solid  matter  in 
solution  in  this  water  increased  in  quantity  j»radually,  and  that  in  1854  it 
amounted  to  10  or  11  grains  per  gallon. 

The  incrustation  formed  upon  ordinary  steam  boilers  working  in  mills  at 
from  15  to  20  lbs.  per  square  inch  pressure  of  steam  (above  the  atmosphere) 
and  using  that  water,  analysed  by  the  same  authority,  is  found  to  con- 
sist  of  : — 

Per  cent. 

Carbonate  of  lime  6600 

Magnesia 605 

Sulphate  of  lime 4*28 

Water,  with  traces  of  carbonic  acid     872 

Oxide  of  iron,  alumina,  and  phosphate  of  lime  585 

Silica  810 

Organic  matter      100 
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This  crust,  which  is  of  a  dark  biown  colour,  and  is  hard,  forms  rapidly 
on  the  interior  of  the  boilers,  and  is  difficult  to  remove.  But  it  has  been 
found  that  by  a  moderate  use  of  soda  ash,  this  formation  is  readily  slopped  or 
held  in  check. 

.  The  quantity  of  soda  ash  used  in  a  pair  of  boilers — one  30  horse-power, 
6  ft.  6  diam.  X  21  ft.  long  ;  one  40  horse-power,  7  ft.  6  diam.  X  27  ft.  long — 
which  together  require  about  9700  gallons  of  water  per  week,  is  6  lbs.  per 
week  in  both  boilers.  This  is  dissolved  in  water,  and  fed  into  the  two  boilers 
once  a  w^eek. 

The  action  of  this  soda  ash  or  carbonate  of  soda,  under  these  circumstances, 
is  a  very  interesting  one,  though  perhaps  not  well  understood  by  those  using 
the  substance  in  this  way.  Sulphate  of  lime  is  decomposed  by  its  means  and 
precipitated  as  carbonate,  while  a  soluble  sulphate  of  soda  is  formed.  The 
neutral  carbonate  of  lime  is  likewise  produced  by  reaction  from  the  bicarbon- 
ate m  solution,  and,  as  thus  formed,  it  will  not  adhere  to  the  boiler  surfaces, 
but  separates  as  a  loose  powder  or  mud,  which  can  be  blown  out  of  the 
boilers  or  otherwise  removed  as  sludge.  In  those  boilers  under  notice  the 
quantity  of  this  sludge  is  found  to  be  three  pails  full  from  each  boiler  every 
three  months. 

It  has  been  found,  however,  that  where  the  neutral  carbonate  of  lime 
is  produced  slowly  by  the  action  of  heat — which  drives  off  part  of  the 
carbonic  acid  from  the  bicarbonate  existing  either  in  solution  in  the  water  or 
as  a  solid  already  deposited  upon  the  boiler  surfaces — that  in  this  case 
the  neutral  carbonate  possesses  the  property  of  being  able  to  adhere 
firmly  of  itself  to  the  boiler  plates.  It  seems  to  be  in  this  case  partially 
crystalline.  Thus,  the  special  advantage  arising  from  the  employment 
of  soda  ash  is  that  it  decomposes  the  bicarbonate  rapidly,  probably  because  of 
the  presence  of  some  soda  uncombined  in  the  ash,  and  that  the  neutral 
carbonate  is  precipitated  as  a  loose  powder,  which  will  not  adhere  unless 
fused  or  agglomerated  by  means  of  some  other  substance. 
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Concerning  this  latter  p<^int,  M.  Bidard,  of  Rouen  (a  French  chemist 
who  has  written  larj^ely  on  this  subject  in  the  Attttales  Industriclles,  and  in  a 
Belgian  journal  entitled  the  Motiitenr  dc  la  Brasserie)^  has  informed  mc 
that  his  nunienms  examinations  of  boiler  incrustations  have  demonstrated  the 
fact  that  the  presence  of  organic  matter  is  necessary  for  the  fonnation  ot 
boiler  crusts,  which  consist  essentially  of  carbonate  of  lime.  Such  crusts 
he  has  produced  artificially,  in  order  to  verify  his  theory. 

He  says  in  one  letter,  "  l^rsque  le  carbonate  de  chaux  neutre  se  depose  au 
sein  de  I'eau  que  le  tenait  en  dissolution  s'il  rencontre  de  la  inatiere 
organique  en  dissolution,  bois,  extrait  de  teinture,  savon  de  resine. 
jucus,  &c.,  &c.,  il  s'y  combine  et  forme  avec  elle  une  combinaison  insoluble. 
EUe  se  depose  sur  les  parois  de  la  tole  (toujours  plus  chauds  que  lean,. 
elle  s'agglomere  a  une  pression  de  6  atmospheres,  par  exemple,  ou  iW  lic 
chaleur,  forme  une  pate  qui  citit  comme  de  la  pate  a  farine  et  prc»ciuit 
I'incrustation.  J'ai  en  ma  i-H')ssession  des  incrustations  qui  contienncni 
i6  pour  cent,  dc  matieres  orgaiiiques." 

Fresenius,  however,  quoted  by  Dr.  Wallace  [Proc.  Phil.  Soc.^  Ghis^^^'s, 
vol.  iv.,  p.  319),  without  specially  noticing  the  presence  of  organic  matter,  ha? 
attributed  a  cementing  property  to  sulphate  of  lime,  which  he  al\vay> 
found  present  in  boiler  crusts. 

M.  Bidards  explanation  thus  applies  specifically  to  those  crusts  which 
contain  carbonate  of  lime  and  no  sulphate,  for  it  is  probable  that  where 
sulphate  is  present  it  possesses  agglomerating  power  of  itself  sufficient  to 
render  the  presence  of  organic  matter  unimportant  in  these  instances.  Thi> 
is  demonstrated  in  examples,  in  some  marine  boilers  for  instance,  where 
crusts  are  formed  without  organic  matter  being  present  in  appreciable 
quantity,  of  which  the  analyses,  on  page  609,  by  Dr.  Wallace  are  specimens. 
But  M.  Hidard's  remarks  show  that  soda  ash  might  be  used  with  imiddv 
water,  such  as  canal  water  ff)r  instance,  and  yet  a  hard  incrustation  would 
form.  In  such  a  case  there  would  be  no  preventive  but  the  use  of  a  filler  tor 
all  the  water  passing  into  the  boiler  in  addition  to  the  use  of  soda  ash 
there. 

The  use  of  too  much  soda  ash  is  injurious  in  its  effects,  as  the  exa^>5 
boils  up  and  parses  over  in  tiie  steam  to  cylinders  and  pumps,  where  it  clogs 
the  pistons,  and  otherwise  interferes  with  proper  working  by  making  com- 
binations with  the  oils  and  greasy  matters  employed  in  the  machinery.  The 
lavish  use  of  oils  and  grease,  of  course,  intensifies  this  action  where  it  is  pre- 
sent, and  it  has  been  found  that  the  carbonate  of  lime  itself  has  passed 
over  from  the  boiler  with  the  steam  and  has  entered  into  combination 
with  the  grease  where  enough  was  to  be  found.  "  La  decomposition  de 
corps  gras  dont  vous  me  parlez,"  writes  M.  Bidard,  "  ne  va  pas  jusqu'au 
charbon  seulement,  il  se  produit  la  une  combinaison  de  corps  gras  et 
de  chaux  provenant  de  carbonate  de  chaux,  autrement  dit  savon  de  chaux, 
tres  prejudicial  pour  la  tole  des  chaudieres.  J'ai  ete  dernieremeni 
temoin  et  expert  d'un  fait  tres  curieux.  Le  carbonate  de  chaux  entraine 
par  la  vapeur  est  arrive  dans  le  corps  de  pompe — il  a  forme  avec  la 
graisse  un  savon  de  chaux  tellement  abondant  et  dur  que  la  piston  s'est 
subitement  arrete." 

All  that  is  needed,  how^ever,  in  working  wnth  soda  ash  is  a  little  in- 
telligent care,  and,  as  the  matter  is  simple,  a  system  of  working  is  so<'ti 
arrived  at.  As  an  example,  I  take  the  boilers  already  mentioned  ai 
Barrowfteld.  Under  ordinary  circumstances  the  manager  proceeds,  as  I  have 
said,  blowing  out  the  boilers  once  in  three  months.  When,  however,  there 
is  a  fresh  or  "  spate  "  in  the  river  the  quantity  of  inorganic  solids  in  the  water 
is  proportionately  less,  and  the  quantity  of  soda  ash  introduced  is  in 
consequence  diminished.  Muddines^  in  the  water,  seen  in  the  gauge  glasses 
is   a  sure  test  if   too   much   is  being  used,  and  when  this  is  noticed  and 
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acted  upon  no  inconvenience  from  material  passing  over  to  the  cylinders  is 
found  to  result. 

An  interesting  fact  may  be  mentioned  in  connection  with  this  part  of  the 
subject  and  as  illustrating  how  calcareous  waters  sometimes  contain 
soluble  matters  which  themselves  counteract  their  crust-forming  ingredients. 
The  boilers  of  an  engineering  works  in  M'Neill  Street  use  the  water 
drawn  from  the  Clyde  at  a  point  which  is  considerably  below  Barrow- 
field,  the  water  being  contaminated  by  the  refuse-  from  print  works  and 
other  factories  discharged  into  it  between  the  two  points. 

A  comparative  estimation,  by  Dr.  Wallace,  of  the  qualities  of  the  water 
from  both  localities  is  here  tabulated  : — 

I.  From  II.  From 

Barrowfield.     M'Neill  St. 

Total  solids  per  gallon       8*96     ...  15-12 

Insoluble  in  water,  carbonates  of  lime  and 

magnesia,  silica,  etc 2*94     ...  378 

Soluble  salts 392     ...  672 

Organic  matter,  etc.  (loss  by  ignition)    ...  2*10     ...  462 

Alkalinity  expressed  in  soda         "014  ...         -056 

The  marked  difference  in  amount  of  total  solids  per  gallon,  and  in  the 
amount  of  soluble  salts  and  degree  of  alkalinity,  shows  that  a  decided 
change  has  been  effected  in  the  water  by  the  time  it  reaches  M'Neill 
Street.  In  using  it  in  the  boilers  there,  it  is  only  after  a  considerable 
time,  and  in  corners  of  the  boiler,  that  a  crust  is  formed.  The  ingredients  of 
the  water  seem  in  general  to  react  naturally,  and  in  regular  working  only  a 
deposit  of  loose  mud  collects,  which  is  blown  out  of  the  boilers  each  morning. 
The  composition  of  the  crust,  as  analysed  by  Dr.  Wallace,  is  given  below, 
but  a  full  analysis  of  the  water  would  be  required  in  order  to  show  what 
re-actions  took  place  in  working  : — 

Carbonate  of  lime          64-98 

Sulphate  of  lime 9-33 

Magnesia 6-93 

Combined  water 3*15 

Chloride  of  sodium        -23 

Oxide  of  iron       1-36 

Phosphate  of  lime  and  alumina           3-72 

Silica        6'6o 

Organic  matter i*6o 

Moisture  at  212'' F 210 


The  use  of  soda  ash  as  a  preventive  of  the  formation  of  incrustations 
in  boilers  working  with  calcareous  waters  is  so  rational  and  simple  that 
it  has,  from  a  comparatively  early  date,  commended  itself  to  chemists, 
and  has  been  by  them  repeatedly  proposed  to  engineers.  The  material 
itself  possesses  for  the  majority  of  cases,  where  such  is  called  for,  all  that  it  is 
requisite  an  anti-incrustator  should  possess,  while,  if  used  with  average 
care  and  intelligence,  it  is  not  capable  of  acting  destructively.  Its  application 
is  simple,  as  it  may  be  added  in  solution  either  periodically — as  in  the 
case  of  the  boilers  quoted — or,  better,  regularly  and  steadily  in  fixed  proportion 
to  the  quantity  of  water  fed  into  the  boiler,  after  the  manner  proposed 
by  Mr.  James  Napier  in  the  paper  already  alluded  to.  There  is  also  no 
reason  why  it  should  not  be  added  in  proper  proportion  to  the  water  in  the 
feed  tank  or  cistern,  instead  of  being  put  into  the  boiler.  In  this  way,  as  the 
re-action  between  soda  ash  and  sulphate  of  lime  does  noc  require  a  high 
temperature  or  pressure,  the  precipitated    carbonate    of    lime    could    be 
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arrested,  and  comparatively  pure  water  fed  into  the  boilers,  frequtnt 
blowing-off  being  also  rendered  unnecessary'. 

With  waters  containing  only  a  little  sulphate,  and  chiefly  carbonate  oi 
lime,  it  would  be  necessary,  however,  to  introduce  the  soda  salt  into  the 
boiler,  as  a  temperature  of  lOO'  Cent.  (212  Fah.)  is  requisite  for  the  decom- 
position of  the  bicarbonate  of  lime. 

A  short  examination  of  the  various  remedies  against  incTustation  which 
have  been  proposed  will  not  t>e  uninteresting,'  although  it  results  in  the  con- 
viction that  most  of  them  are  unsatisfactory. 

Oxalate  of  socUi  and  tannate  of  sfKia  were  pro|"H)sed  by  Dr.  Kogcr«i  jn 
America,  in  order  to  form,  by  decomposition  of  the  lime  salts,  insoluble  oxalatc> 
and  tannates  ;  but  these  would  seem  to  increase  the  amount  of  s<jlid  matter 
precipitated,  and,  although  proposed  s<ime  years  ago,  to  have  been  little  u^cd. 

Lime  and  zinc  have  been  used  with  some  degree  of  success,  but  their 
action  is  contined  to  combining  with  the  cai'bonic  acid  of  the  bicarbonate 
of  lime.     On  sulphate  of  lime  they  have  no  action. 

The  object  in  view  in  the  proposed  use  of  starchy  and  gelatinous  matters 
has  been  to  prevent  scale  forming,  by  enveloping  the  precipitated  or 
crystallised  solids  with  gelatinous  covering,  and  so  to  delay  their  settling: 
by  diminishing  their  weight.  But  M.  Bidard's  observations  on  the  effect?  ot 
the  presence  of  organic  matters  (especially  in  so-called  "  anti-incrustators,"  or 
compounds  for  preventing  incrustation)  at  once  sweep  the  field  of  all 
remedies  of  an  organic  composition,  proving  them  to  be  injurious  by  duinj: 
llie  very  thing  which  they  are  supposed  to  prevent. 

Kel'crriug  to  lhi^  point,  he  says,  **Je  connais  a  Kouen  uiie  chaudiere  de 
la  force  de  30  chcveaux  qu  depuis  1852,  n'a  subi  aucune  reparation  aucune 
avarie.  Elie  marche  cependant  alimenlee  par  de  I'eau  calcaire,  le  netoyage 
lie  donne  que  de  la  boue,  jamais  de  calcin  adherent-  //  u'ctiin'  tiatis  /«» 
ilitimiiac  nuciiin  substtiiiiC  on^miiqiK'.'' 

Still,  however  useful  as  a  precaution  where  the  admission  of  extraneous 
organic  matter  can  be  prevented,  this,  as  a  system  of  preventing  incrustations, 
manifestly  fails  where  the  water  contains  organic  matt«fr  in  solution. 

Sal-annnonia,  proposed  by  Hilterbrandt,  and  hydrochloric  acid,  are  both 
open  to  the  objections  that  their  preventive  action  is  only  partial,  and  llwi 
they  have  the  power  of  seriously  injuring  the  boilers  and  connectitms. 

Crude  pyroligneous  acid  has  been  suggested  for  action  upon  carl>onatc5 
alone,  wliile  petroleum  has  been  extensively  used  in  the  Cnited  States  with  a 
measure  of  success,  not  only  in  preventing  incrustations,  but  also  in  removing 
those  already  formed.  Its  action  has  not  as  yet  been  investigated,  as  far  as  [ 
am  aware,  but  it  is  probable  that  its  effects  are  due  to  decomposition  01 
hydrocarbons.  This  seems  to  be  borne  out  by  a  report  by  the  Chief  Engineei 
to  the  Steam  Boiler  and  Inspection  Coy.  of  Hartford,  U.S.  (an  extract  from 
which  appeared  in  the  tti>*im'er),  who  states  that  "  petroleum  works  better 
where  sulphate  of  lime  predominates  than  in  waters  impregnated  with 
carbonate  of  lime.  We  would  not,"  he  says,  "  advise  it  in  connection  with 
this  latter."  This  simple  fact  renders  it  useless  in  the  majority  of  boilers 
using  fresh  water  in  this  country. 

Soap  acts  upon  both  carbonate  and  sulphate  of  lime,  but  the  quantity 
appears  to  be  increased  by  the  formation  of  lime  soap,  and  thus  the  boiler  i> 
made  filthy ;  a  corrosive  crust  is  sometimes  formed,  and  priming  and  other 
evils  also  result  from  its  use. 

Recently  a  substance  called  '*  Burfitt's  Composition  "  has  been  patented 
for  the  prevention  of  boiler  incrustation,  but  it  has  been  found  to  consist 
essentially  of  organic  matters,  and,  moreover,  has  rather  increased  than  prevented 
incrustation  where  it  has  been  used.    (See  Jour.  Chem.  Soc.^  Jan.,  1876,  p,  134) 

Two  other  methods  of  prevention  have  also  been  devised,  and  seem  to  be 
f(^unded  upon  the  fact  which  Professor  Mills  informs  me  was  first  obsen'cd 
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by  J.  Y.  Buchanan  [Proc.  Roviil  Soc.  of  London,  1873-74,  ^'O^-  xxii.,  pp.  192  and 
483),  that  barium  chloride  decomposes  sulphates  and  liberates  the  carbonic 
ac  d  in  water. 

One  of  these,  called  "  De-Haen's  Process,"  which  consists  in  the  use  of 
barium  chloride  and  milk  of  lime,  is  now  extensively-  used  in  Austria  and  in 
Krupp's  Works  in  Prussia.  A  recently  published  statement  of  the  compara- 
tive cost  of  working  on  this  system,  and  with  water  containing  gypsum, 
without  an  added  reagent,  shows  that  to  purify  33  cubic  metres  of  water 
when  containing  5  parts  gypsum  in  100,000,  the  cost  is  6d.,  and  when 
containing  30  parts  gypsum  the  cost  is  3s.  Practical  working  with  this 
process  for  12  months  with  one  or  two  boilers  (it  does  not  appear  very 
clearly  whether  one  or  two)  showed  an  increase  of  expenditure  amounting 
to  500  florins,  against  which  was  to  be  placed  the  saving  in  fuel  resulting 
from  absence  of  incrustation,  and  reduced  repairs  from  the  same  cause,  the 
value  of  these  however  not  being  stated.  [Dingier  Polyt.  Jour.y  ccxvii.,  338  ; 
Chem.  Soc.  Jour.,  No.  clxi.,  p.  799.) 

The  analyses  (given  March,  1876,  Chem.  Soc.  /.,  No.,  clix.,  p.  450)  of 
deposits  which  have  been  found  to  accumulate  in  the  steam  pipes,  etc.,  where 
these  processes  have  been  used,  impress  us  with  the  idea  that  these  methods 
are,  however,  open  to  some  serious  objections  in  practical  working  on 
account  of  the  formation  of  salts  of  barium. 

There  is,  however,  one  system  of  working  which  has  yet  to  stand  its  trial, 
but  which  it  is  perhaps  not  extravagant  to  consider  as  inseparably  connected 
with  the  advancement  of  engineering  science  and  appliances  upon  which 
alone  it  depends.  That  is  the  working  of  land  boilers  in  connection  with 
surface  condensers,  and  so  supplying  them  with  pure  water.  No  incrustation 
is  possible  with  this  method,  and  its  theoretical  advantages  in  point  of 
economy  seem  to  justify  the  belief  that  its  present  limited  adoption  will 
prove  merely  the  precursor  to  its  more  general  introduction.  It  becomes  of 
all  the  more  importance  in  view  of  the  extended  use  of  sectional  or  water- 
tube  boilers,  because  with  these,  on  account  of  small  water  spaces,  no  mere 
preventive  measures  against  the  formation  of  incrustation  suffice.  Solid 
matters  ought  to  be  excluded  from  all  such  boilers. 

2.  It  is  necessary,  in  connection  with  incrustation,  to  consider  marine 
boilers  working  with  sea-water,  because  although  modern  systems  of  marine 
engine  practice  with  compound  engines  and  surface  condensers,  wherever 
these  have  been  adopted,  have  banished  incrustations  ;  yet  these  systems 
have  not  yet  been  universally  adopted,  and  there  is  even  a  disposition  with 
some  to  return  to  the  regime  under  which  incrustation  held  sway.  The  evil 
effects  of  incrustation  make  themselves  felt  with  multiplied  force  in  marine 
boilers,  because  of  the  great  rapidity  with  which  the  crusts  form,  in  conse- 
quence of  the  large  quantity  of  solids  contained  in  the  water.  I  am  informed 
by  Mr.  Tookey,  of  the  Royal  School  of  Mines,  that  British  Channel  water 
contains  2467  grains,  and  North  Sea  water  2408  grains  in  the  gallon  ;  and  it 
has  been  shown  by  Mr.  James  R.  Napier,  F.R.S.  {Proc.  Phil.  Soc.  Glasgow^ 
vol.  iv.,  p.  281),  that  sulphate  of  lime  begins  to  deposit  before  one  half  of  the 
water  is  evaporated. 

In  addition  to  this  rapidity  of  formation  of  crust,  the  space  at  command 
for  storage  of  fuel  is  limited.  Large  quantities  of  chemical  reagents  cannot 
for  a  similar  reason  be  carried  ;  and  because  of  the  confined  space  in  which 
boilers  and  men  working  at  them  are  placed  on  board  ship,  the  results  of  an 
accident  to,  or  the  destruction  of,  the  boilers  are  serious  ;  while  great 
difficulty  is  also  experienced  in  getting  repairs  effected  in  foreign  ports 
generally.  All  these  considerations  render  it  of  the  greatest  importance  that 
marine  boilers  should  be  freed  from  incrustation.  Besides  these,  there  are 
reasons  connected  with  the  formation  of  sea-water  scale  which  render  its 
presence  in  boilers  undesirable. 

X3 
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Considered  from  a  chemical  point  of  view,  the  problem  of  preventing 
incrustation  in  these  boilers  appears  to  be  similar  to  that  experienced  with 
land  boilers,  inasmuch  as  the  substances  composing  the  crusts  are  similar  in 
both  cases,  although  differing  in  their  proportions  in  the  formations.  No 
doubt,  as  we  have  seen,  soda  ash  is  the  best  chemical  preventive,  where  that 
substance  has  to  be  used  in  ordinary  circumstances,  but  the  comparatively 
enormous  quantity  of  solid  matters  present  in  sea-water  causes  the  use  of 
soda  ash  to  be  attended  with  so  many  inconveniences,  and  so  much  expense, 
as  to  render  it  here  practically  useless.  In  these  circumstances  it  has  to  be 
combined  with  blowing  off  from  the  boiler  in  order  to. get  rid  of  the  solids, 
it  being  necessary,  as  Mr.  J.  R.  Napier  showed,  to  blow  off  -^  of  the  feed 
water,  and  neutralise  the  sulphate  of  lime  in  j\  with  soda.  The  loss  of 
heat  from  this  blowing  off  is  considerable,  and  it  is  combined  with  the 
cost  of  the  large  quantity  of  soda  required  for  neutralising.  Yet  this  process 
is  not  worse  than  the  ordinary  mechanical  one  of  discharging  the  sa*^urated, 
or  what  is  supposed  to  be  the  saturated,  water  from  the  boilers  which  has 
been  most  generally  resorted  to.  In  this  case  the  indications  of  the  saJino- 
meter  are  depended  upon,  and  fully  ^j^  of  the  feed  water  have  to  be  dis- 
charged, little  of  its  heat  being  utilised.  With  regard  to  this  Mr.  Jas.  R. 
Napier  has  said  of  the  example  of  a  vessel  whose  boilers  worked  at  a  temixjra 
ture  of  270*"  that  "  a  quantity  of  fuel  equal  to  15 J  per  cent,  of  that  which 
produces  evaporation  is  consumed  by  the  ordinary  blowing-off  method  in 
order  to  prevent  crust,  and  this  amount  increases  with  the  temperature." 

The  salinometer  might  prove,  and  perhaps  has  often  proved,  a  fallacious 
test,  for  if  it  were  applied  after  a  large  quantity  of  the  solids  had  been 
precipitated  from  the  water,  it  would  deceive  the  engineer  by  showing  a  less 
density  than  had  existed  previously,  and  thus  mislead  him  as  to  the  state  of 
the  boilers  and  of  the  water.  In  result  it  has  been  always  necessary  to  chip 
and  hammer  away  scale  from  the  interior  of  marine  boilers  worked  with  sea- 
water  to  an  extent  not  advantageous  to  them. 

Undoubtedly  the  most  sensible  and  efficacious  method  of  preventing 
incrustation  in  these  boilers  is  to  work  with  fresh  water.  This  has  been 
rendered  possible  in  many  instances  by  the  introduction  of  the  Surface 
Condenser  into  practical  working,  and  no  doubt  the  desire  to  avoid  the  evils 
of  Incrustation  has  operated  in  bringing  about  the  introduction  of  that  system 
which  is  at  present  the  most  general  in  marine  engineering.  On  the  other 
hand,  however,  the  commencement  of  this  era  in  engineering  practice  has 
been  the  introduction  of  engineers  to  all  the  evils  and  difficulties  of  Corrosion. 

Before  dismissing  the  subject  of  Incrustation,  I  wish  to  direct  attention  to 
the  following  analyses  and  notices  of  the  decompositions  which  take  place  in 
sea  water  in  boilers  during  the  lunnation  of  crusts,  as  these  throw  consider- 
able light  on  the  subject  of  Corrosion.  The  following  analysis  of  Black  Sea 
water  was  given  me  by  the  late  Professor  Penny.  I  quote  it  only  as  showing 
the  various  ingredients  contained  in  sea-water,  as  I  have  no  means  of 
ascertaining  its  accuracy  now — 

Black  Sea  water,  sp.  gra.  i  01365 


Chloride  of  Sodium        14*020 

„              Potassium -190 

„              Magnesium             ...         ...         ...         ...         ...  1*310 

Bromide  of  Magnesium            ...    ,     -005 

Sulphate  of  Lime            -105 

for    „              Magnesia 1*470 

esse.'bonate  of  Lime         -365 

incru*               Magnesia  ...         209 

Two  

founded                                      Total  salts  in  parts  per  1000  17*674 
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The  following  analyses  were  made  by  Dr.  Wallace  :  Nos.  i,  2,  4  and  5,  for 
a  paper  of  his  on  Boiler  Incrustation  {Proc.  Phil.  Soc.  Glasgow^  vol.  iv.,  p.  317) 
published  some  years  ago  ;  the  others  were  kindly  undertaken  for  me  along 
with  other  investigations  inserted  in  this  paper. 

No.  6  differs  from  the  rest  in  being  merely  a  deposit.  I  have  arranged  them 
in  tabular  form,  in  order  to  show  as  far  as  possible  their  relation  to  one 
another  as  having  been  formed  at  different  pressures  of  steam — 

Analyses  of  Boiler  Crusts  and  Deposits. 

No.  I.  No.  2.     No.  3.  No.  4.  No.  5.     No.  6.  No.  7. 

Sulphate  of  Lime        33*95  6688  6977  74-21  7285  5734  7683 

Magnesia         4005  18*96  1575  1495  1318    1*94  i-8i 

Carbonate  of  Lime     —  —      3*44  —  '34     —  — 

Common  Salt traces,  traces.     99  204  216    172  224 

Phosphate  of  Lime,  Alumina  )     1-33  -50    1-14  1-34  2*40     —  — 

and  Oxide  of  Iron      ...          j      —  —        22       —  —  27-04  13-76 

Silica     traces,  traces.      16        -57  80    760  224 

Water  with  traces  of  Car-  )    -^.^-  __.^^    q.^_,  -:.«_  o..^     ^.^^  ^.^^ 

bonicAcid j   ^^^  n 06    825  689  827     430  378 

100*00  loooo  99-72  loooo  loo'oo  99*94  100*66 

No.  I  is  from  the  Cunard  steamer  Asia,  probably  worked  at  aix)ut  4  or  5  lbs. 
per  square  inch  pressure  of  steam. 

No.  >is  from  the  King  Orry,  worked  at  about  5  to  10  lbs.  pressure. 

No.  3  „  Propontis,  „  „        10        „  „     Old  boilers. 

No.  4  „  Cosmopolitan,     „  .„    10  to  15   „  „ 

No.  5  „  Source  unknown  „  „(?)i5to20„  „ 

No.  6  „  Propontis,      .      „  „        150       „  ,         „  Deposit 

before  sea- water  was  fed  into  Boilers. 

No.  7  is  from  the  Propontis,  worked  at  about  150  lbs.  pressure.  Crust  after  sea- 
water  was  fed  into  Boilers. 

Dr.  Wallace,  in  his  paper  quoted  above,  regiarks,  "  These  crusts  differ  from 
the  insoluble  matter  obtained  by  simply  evaporating  sea-water  in  open  vessels, 
for  that  contains  nearly  four  times  as  much  carbonate  of  lime  as  carbonate  of 
magnesia,  while  the  crusts  contain  a  lai-ge  quantity  of  magnesia,  and  little  or 
no  carbonate  of  lime.  The  decomposition  of  soluble  magnesian  salts  by 
carbonate  of  lime  under  the  influence  of  a  liquid  boiling  at  a  high  temperature 
(say  270°)  is  exceedingly  interesting.  Sulphate  of  magnesia  and  carbonate  of 
lime  boiled  with  water  under  ordinary  circumstances  do  not  re-act  upon  each 
other  in  the  slightest  degree  ;  but  it  is  evident  that  the  result  is  brought  about 
under  pressure.  The  re-action  with  oxide  of  manganese,  which  is  isomorphous 
with  magnesia,  is  exactly  similar,  and  is  taken  advantage  of  in  the  recovery  of 
the  manganese  used  in  the  preparation  of  chlorine,  as  practised  at  the  St. 
Rollox  Chemical  Works. 

"  Again,  the  condition  in  which  the  magnesia  occurs  is  peculiar.  We  should 
expect  a  basic  carbonate,  but  I  find  little  more  than  a  trace  of  carbonic  acid  in 
any  of  the  crusts.  (In  No.  i  it  was  '28).  The  magnesia  exists  essentially  as 
the  hydrate.  The  sulphate  of  lime  appears  to  occur  as  the  hydrate  described 
by  the  late  Professor  Johnson,  as  having  been  found  by  him  in  a  distinctly 
crystallised  condition  in  a  high-pressure  steam  boiler,  its  composition  being 
represented  by  the  formula  2(CaOSOj)-}-HO."  This  fact  is  stated  by  Gmelin, 
Handbook  ofChem.^  Vol.  iii.,  p.  201.* 

*  Under  the  head  Di-hydrated  Siilphate  of  Lime,  Gmelin  says  :— This  compound  was  deposited 
from  the  water  in  a  boiler  which  was  worldng  under  a  pressure  of  two  atmospheres  ;  it  formed 
a  greyish  granular  mass  of  specific  gravity  a-757,  appearing  under  the  microscope  in  the  form  of 
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Recently  these  results  have  been  verified  by  the  independent  investigations 
of  Dr.  Ferd.  Fischer  (published  in  Dhigl.  Polyt  /.,  ccxii.  208-220,  and  noticed 
in  Chem,  Sac.  Jour.,  Oct.,  1874,  vol.  xii.,  p.  102 1),  who  has  proved  from  a 
number  of  analyses  that  various  decompositions  of  the  salts  contained  in 
waters  take  place  under  the  influence  of  elevated  temperature  and  pressure. 
Fischer  quotes  various  authorities  to  show  that  gypsum  gives  off  nearly  half 
its  water  of  crystallization  at  temperatures  up  to  lOo"*  (C),  and  further  pro- 
portions at  higher  temperatures,  so  that  its  solubility  is  considerably  diminished. 
Above  140"  ic  becomes  totally  insoluble  in  sea-water,  and  at  a  lower  tempera- 
ture in  fresh  water,  and  hence  is  deposited  as  an  anhydride.  It  is  more  easily 
soluble  in  water  containing  sodium  or  magnesium  chloride  in  solution  than  in 
pore  water.  The  effect  of  pressure  on  its  solubility  and  that  of  other  salts  is 
shown  by  the  following  table  of  analyses  of  water  from  boilers  : — 

Taken  with  Mud  when 


One  Utre  of  Water  contains-At  3  atmos. 

At  1.5  atmoa. 

blowing  oif  Boiler. 

Ca  SO.  (Ca  0,SOJ 

0-885  gram. 

1-136  gram. 

3028  gram. 

Ca  CL  (Ca  CI.) 

1-008     „ 

"""        »» 

■"^          »» 

MgCl(Mg.Cl.) 

3*479     » 

0-189          M 

0769   ,. 

Na,  SO,  (Na  0,S0,) 

"^             M 

0104          „ 

5I6I   „ 

NaCl. 

4743     » 

0-478          ., 

9582    „ 

Residue  found  on 

Evaporation 

7-:2io     „ 

— 

18-864   „ 

He  shows  that  only  a  portion  of  the  calcium  sulphate  in  boiler  incrustations 
contains  water  of  crystallisation.  In  boilers  which  have  been  submitted  to  a 
very  high  pressure  it  occurs  anhydrous.  Magnesia  exists  as  hydrate,  the 
magnesium  chloride  giving  up  its  ■hydrochloric  acid  under  the  influence  of 
heat.  The  magnesium  carbonate  is  decomposed  at  a  temperature  little  above 
loo**,  and  magnesium  sulphate  undergoes  mutual  decomposition  with  calcium 
carbonate,  the  carbonic  acid  escaping.  From  a  number  of  analyses  given  it 
is  noticeable  that  the  higher  the  pressure,  and  consequently  the  higher  the 
temperature,  up  to  3  atmos.,  the  larger  the  quantity  of  2CaS04-|-H,0,  in 
comparison  with  the  CaCO,.  But,  contrary  to  the  opinions  of  many,  Fischer 
holds  that  carbonate  of  lime  suffices  of  itself,  or  probably  also  aided  by  silica, 
to  form  a  hard  crust. 

It  appears  from  analyses  of  marine  crusts  to  be  probable  also  that  the 
quantity  of  N a  CI  in  the  crusts  increases  with  increase  of  the  steam  pressure 
under  which  these  have  been  formed. 

CORROSION. 

From  one  or  two  causes,  corrosion  has  been  found  to  attack  the  exterior 
surfaces  of  boilers,  and  eventually  to  work  considerable  damage.  This, 
however,  is  a  simple  matter,  as  the  action  in  these  cases  is  easily  preventable. 

Thus,  in  the  case  of  land  boilers,  careless  setting  in  too  much  lime  has  pro- 
duced bad  effects — the  part  of  the  boiler  shell  exposed  to  the  probably  impure 
lime  having  been  eaten  away  to  a  large  extent. 

Setting  the  boilers  upon  a  damp  foundation  without  proper  provision  for 

small  transparent  prisms  coloured  with  carbonaceous  matter.    (Johnson.  PJmA  Uoff.  J.  13,  335 
Also  /.  ^.  Chem.  16,  100.) 


2  Ca  0,  SO, 
HO 

Carb.  matter 

136. 
9. 

Calculation. 

9379 

6-21 

Johnson. 
93272 

6435 
0293 

145  100*00  lOO'OO 
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draining,  has  also  resulted  in  rapid  destruction,  whether  the  moisture  reached 
the  boilers  through  the  lime  of  the  setting  or  through  the  ashes. 

Both  marine  and  land  boilers  have  been  seriously  corroded  by  ashes,  when 
cold,  having  been  carelessly  allowed  to  remain  in  contact  with  the  iron.  The 
ashes  contain  a  considerable  quantity  of  alkaline  salts  of  some  strength  ;  and 
with  damp  drawn  from  the  bilge  water  in  vessels,  or  from  the  ground  ashore, 
or  by  deliquescence  from  the  atmosphere,  these  salts  have  been  enabled  to 
attack  the  iron  vigorously. 

It  has  also  been  found  by  S.  Dana  Hayes  [Chetn.  Ncu's^  vol.  xxx.,  153,  Jour. 
Chem.  Soc.,  vol.  xiii.,  p.  294)  that  the  soot  in  tubes  and  flues  has  become 
charged  with  pyroligneous  acid,  where  wood  has  l)een  freely  used  in  lighting 
tires,  or  large  quantities  of  coal  have  been  charged  at  a  time  ;  and  that  this 
combination  has  caused  corrosion.  The  same  result  has  been  caused  by  soot 
retaining  fine  dust  of  ashes,  and  in  consequence  also  sulphur  acids,  derived 
from  pyrites  in  the  coal.  A  case  of  this  kind  is  also  published  by  J.  W. 
Chalmers  Harvey,  in  Chem.  News^  xxxii,  252  ;  Chem.  Soc.  Jour.,  No.  clxi., 
p.  796. 

It  is  sufficient,  however,  to  pomt  out  these  causes,  for  they  suggest  their 
own  remedies.  Care  in  preparing  and  completing  the  setting,  in  cleaning 
flues  and  ash  pits,  and  in  firing  being  all  that  is  necessary  to  prevent  corrosion 
from  them. 

The  injudicious  use  of  brass  cocks  and  connections  bolted  or  fastened 
directly  to  the  boiler  shell,  has  often  resulted  in  corrosion  from  galvanic 
action  at  the  places  where  the  two  metals  come  in  contact.  This  action 
proceeds  more  rapidly  when  a  little  leakage  of  water  takes  place  at  the  joint 
or  connection. 

The  operation  of  corroding  forces  in  the  interior  of  boilers  is,  however, 
far  more  serious  and  baffling.  Yet  even  these  forces  may  be  reduced  to 
submission,  but  they  demand  study  in  the  becoming  spirit  of  patient 
inquiry*. 

Many  investigations  of  these  forces  and  their  actions  have  been  made,  and 
it  is  advisable  to  review  these  t)efore  attempting  to  deal  with  the  subject  from 
an  engineering  point. 

One  of  the  first  to  publish  experiments  and  trials  connected  with  the 
corrosion  of  metals  was  the  late  Professor  Crace  Calvert,  who  exposed  iron  and 
steel  (with  other  metals)  to  the  action  of  sea-water,  of  natural  fresh  water,  and 
of  distilled  water,  with  and  without  air.  He  also  submitted  iron  and  steel  to 
the  action  of  various  gases,  with  and  without  moisture,  and  to  that  of  various 
acids.  In  general,  the  results  obtained  by  him  showed  that  steel  and  then 
iron  were  most  rapidly  corroded  by  sea- water  when  simply  immersed  in  the 
sea  for  a  time.  {105-31  grammes  of  steel  and  99-30  of  iron  being  dissolved 
from  plates  of  forty  centimetres  square  by  immersion  in  the  sea  for  one 
month.)  Also  that  iron  immersed  in  water  containing  carbonic  acid  oxidised 
rapidly  with  escape  of  hydrogen  gas,  which  led  him  to  suppose  that  some 
gadvanic  action  had  part  in  the  operation.  He  may,  however,  have  meant 
merely  thus  to  designate  the  decomposition  of  a  part  of  the  water  by 
which  oxygen  was  dissociated  and  combined  with  the  iron  under  the 
influence  of  the  carbonic  acid.  The  corrosive  action  of  carl>onic  acid  was 
corroborated  by  his  experiments  with  gases,  for  when  bright  blades  of  steel 
and  iron  had  been  exposed  for  four  months  to  the  action  of  various  gases  he 
obtained  the  following  results  :  There  was  no  oxidation  with  dry  oxygen  ; 
with  damp  oxygen,  one  blade  only  out  of  three  experiments  was  slightly 
oxidised  ;  no  oxidation  with  dry  carlx)nic  acid  ;  with  damp  carbonic  acid 
there  was  a  formation  of  white  carbonate  of  iron  on  the  blades  ;  no  oxidation 
with  dry  carl>onic  acid  and  oxygen,  but  very  rapid  oxidation  with  damp 
carbonic  acid  and  oxygen.  He  also  found  that  distilled  water  which  did  not 
contain  air  or  gases  was  without  corrosive  action  upon  iron,  a  bright  blade 
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which  was  immersed  in  such  water  having  become  in  some  days  merely  here 
and  there  spotted  with  rust.  It  was  found  that  at  these  spots  where  oxida- 
tion had  taken  place,  there  were  impurities  in  the  iron  which  had  induced 
galvanic  action,  "  just  as  a  mere  trace  of  zinc  placed  on  one  end  of  the  blade 
would  establish  a  voltaic  current." 

An  analagous  action  of  distilled  water  with  and  without  air  was  observed 
in  his  experiments  with  lead — 200  litres  of  distilled  water  without  air  having 
dissolved  during  eight  weeks  only  i'829  gramme  from  a  surface  of  i  square 
metre,  while  the  same  quantity  of  distilled  water  when  aerated  dissolved  in 
the  same  time  1 10003  grammes.* 

These  investigations  were  made  the  basis  of  an  inquiry  by  Mr.  W.  Kent, 
of  the  Stevens  Institute  of  Technology,  into  the  corrosion  of  iron  in  railway 
bridges  in  the  U.S.,  and  by  their  means  he  was  enabled  to  arrive  at  a  satis- 
factory demonstration  of  the  causes  of  the  action.  His  paper  was  published 
in  the  Engineer  in  Aug.,  1875. 

Recently,  some  of  Calvert's  results  have  been  verified  by  A.  Wagner,  who 
publishes  (in  Dingier' s  Polyt.  Jour.,  218.70-79)  an  important  paper  on  the 
Influence  of  Various  Solutions  on  the  Rusting  of  Iron.  Distilled  water  free 
from  air  does  not  appear  to  have  been  tested,  but  with  air  freed  chemically 
from  all  carbonic  acid,  a  slight  rusting  was  noticed,  the  water,  however,  soon 
becoming  saturated  with  its  proper  quantity  of  iron.  The  action  of  carbonic 
acid  (or  carbon  dioxide)  observed  by  Calvert  is  also  noted,  and  the  fact 
noticed  for  the  first  time  that  the  presence  of  chlorides  of  magnesium, 
ammonium,  sodium,  potassium,  barium,  and  calcium  in  the  water  largely  in- 
creases the  production  of  rust,  while  this  important  fact  also  appears  from 
his  results,  that  the  corrosive  action  of  all  these  substances  is  considerably 
increased  by  the  presence  of  air  and  carbonic  acid  in  solution.  Chloride  of 
magnesium  of  all  these  salts  is  the  most  active  agent  when  alone  in 
corroding  the  iron,  but  combinations  of  chloride  of  magnesium  and  carbonate 
of  lime,  of  chlorides  of  barium  and  calcium,  and  of  chlorides  of  sodium  and 
calcium  have  also  considerable  corrosive  action. 

This  to  some  extent  corresponds  with  the  fact  observed  by  Mr.  John 
Gamgee,  as  a  difficulty  which  he  had  to  encounter  in  conneccion  with  the 
continuous  freezing  of  water  for  his  "  Glaciarium,"  viz.,  that  the  brine  solu- 
tions used  as  media  of  congelation  act  destructively  upon  the  metallic 
surfaces  of  the  pipes  or  channels  through  which  they  are  conveyed. 
{Engineering,  vol.  xxi.,  page  226.) 

Wagner,  however,  has  also  noticed  that  while  chloride  of  magnesium  solution 
in  the  absence  of  air  attacked  iron  at  a  temperature  of  about  100°  Cent.,  the 
chlorides  of  sodium,  potassium,  barium,  and  calcium  were  without  action 
under  these  circumstances.  This  author  also  notices  the  fact,  the  observance 
of  which  is  ascribed  to  Mr.  Young,  of  Kelly  (in  a  paper  read  by  Mr.  James 
R.  Napier  before  the  Phil.  Society  of  Glasgow,  Dec.  i6th,  1874),  viz.,  that 
the  presence  of  an  alkali  in  water  protects  iron  and  prevents  rusting. 
In  consequence  of  the  great  importance  of  his  results,  I  give  two 
tables  of  figures  (from  the  four  contained  in  his  paper)  representing  some  of 
them- 

'  Sir  R  Christison  has  made  investigations  into  the  action  6(  water  on  lead  (Chemical 
JV^ifs,  vol.  xxviii.  15),  but  seems  in  his  conclusions  not  to  have  distinguished  between  distilled 
water  and  pure  natural  waters,  merely  comparing  them  with  respect  to  purity.  Yet  the  fact 
that  he  always  found  carbonate  of  lead' formed  by  the  action  of  the  purest  waters  suggests  .that 
the  action  was  due  to  the  presence  of  gases  in  solution,  and  not  to  the  water  itself. 
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Percentage  of  loss  of  weight  In  1  week. 

Na 

Solutions. 

With  air  free  from  CO.. 

With  air  and  CO.. 

I. 

Freshly  distilled  water 

083 

1-53 

2. 

3. 

Containing  Ba  CI,  and  Ca  CI, 
Na  CI  and  KCl     ... 

163 
1-20 

146 
203 

4. 

5^ 

1 

,          MgCl,       ...         ... 

NH.Cl       

140 
129 

1-85 
216 

6. 

K{OH),       

— 

— 

7- 

NaCo,       

— 

— 

8. 

,         Sea  water  ..? 

1-26 

102 

9. 

„         Sea  water  evaporated 
and  oil  5  drops  ... 

0-47 

073 

Solutions. 

Boiling 

in  contact  with  air  then  and  while  cooling. 

No. 

Percentage  of  loss  of  weight  in— 

I  week. 

2  wks. 

3  wks. 

4  wks. 

5  wks. 

6  wks. 

I. 

Distilled  water         

044 

0.82 

115 

1-53 

202 

246 

2. 

Flask  half-filled  with  distilled 
water — /.<?.,  more  air 

roi 

1-62 

275 

3-68 

453 

5i« 

3. 

Containing  Ba  CI,  and  CaCl, 

0-66 

1-33 

1-57 

1-82 

203 

227 

4. 

Na  CI  and  KCl... 

084 

1-47 

215 

2-57 

304 

3-41 

5- 

MgCl, 

1-31 

1-91 

220 

24^ 

276 

305 

6. 

„          MgCl,  and  excess 
of  Ca  COj    ... 

089 

1-54 

208 

246 

2-97 

327 

7- 

NH,  CI 

115 

1-86 

256 

316 

366 

4- 16 

8. 

K(OH), 

— 

— 

— 

— 

— 

—  . 

9- 

Na  CO3 

— 

— 

~ 

— 

— 

— 

10. 

Sea-water     

0-43 

065 

070 

075 

097 

1-24 

II. 

Sea- water  and  Ba  CI, 

015 

0-46 

069 

092 

108 

i?3 

12. 

Sea-water  and  10  drops  oil 

059 

059 

0*62 

072 

083 

0*93 
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I  quote  here  an  important  experiment  made  by  him  on  the  effect  of 
chloride  of  magnesium  on  iron  at  boiling  temperature. 

Two  grammes  of  neutral  magnesic  chloride  were  introduced  into  a  strong 
tube,  in  which  weighed  pieces  of  iron  were  placed  ;  boiling  distilled  water 
was  added,  and  the  tube  sealed  up  while  steam  was  issuing.  It  was  then 
kept  at  100**  Cent.  (212"  F.)  for  six  weeks,  and  after  cooling  was  opened. 
Gas  was  evolved  on  opening  it ;  the  iron  was  black,  and  had  lost  0-39  per 
cent,  in  weight,  and  the  solution,  when  filtered,  contained  chloride  of  iron 
(ferrous  chloride).  {Dingler's  P.  /.,  ccxviii.  70-79.  Chem.  Soc.  /.,  No.  clx. 
P-  522.) 

Still  another  valuable  contribution  to  our  knowledge  of  this  subject  comes 
to  us  from  Germany,  in  the  results  of  an  examination  of  the  effects  of  con- 
densed water  containing  grease  on  boilers  which  were  fed  with  it,  by  Stingl, 
an  author  who  also  proposed  and  successfully  carried  out  a  method  for  the 
purification  of  that  water. 

The  water  was  evidently  condensed  by  means  of  an  injection  condenser,  as 
salts  of  lime  and  magnesia  were  present  in  small  quantity  in  the  condensed 
water.  These  salts,  in  presence  of  grease,  at  a  temperature  not  exceeding 
60*  to  70*  C,  form  lime-soap — part  of  the  lime-salts  being,  as  has  already 
been  shown,  rendered  insoluble  at  these  temperatures.  The  lime-soap, 
under  the  influence  of  a  higher  temperature,  partially  decomposes  into  free 
fatty  acid  and  an  organic  substance  which  is  reducible  by  further  heat, 
yielding  a  carbonaceous  residue.  This  substance  is  a  kind  of  basic  lime-soap 
which  adheres  to  the  boiler  surfaces,  w^hile  the  acid,  which  is  usually  oleic 
acid,  attacks  and  dissolves  the  iron.  In  the  crust  the  fatty  acid  is  recog- 
nised by  the  addition  of  hydrochloric  acid,  the  separated  organic  mass 
being  arfterwards  shaken  with  ether.  The  boiler  crusts  have  usually 
a  dark  colour,  partially  due  to  the  presence  of  oxide  of  iron,  partly  to 
separation  of  carbon  from  the  fatty  acid  partially  decomposed.  Even  if 
lime  and  magnesia  salts  are  present  in  very  insignificant  proportion,  the 
presence  of  grease  is  none  the  less  injurious,  as  with  saponification 
under  great  pressure,  a  very  small  quantity  of  lime  suffices  to  occasion 
the  splitting  up  of  a  neutral  fat  into  free  fatty  acid  and  glycerine  ;  with 
low  pressure  it  is  not  doubted  that  the  same  decomposition  occurs,  though 
more  gradually. 

A  sample  of  very  soft  water  (6"  of  hardness)  depositing  very  little  crust  was 
submitted  to  the  author  of  that  paper,  as  a  boiler  in  which  it  had  been  used 
was  completely  destroyed  after  three  years'  work.  This  water  had  a  milky 
appearance,  and  contained  0*212  part  of  fat  in  one  litre. 

He  also  quotes  the  case  of  the  corrosion  of  a  gasometer,  the  cistern  of 
which  had  been  luted  with  greasy  condensation  water.  The  gasometer 
would  have  lasted  20  or  30  years  had  ordinary  water  been  used,  but  in  the 
circumstances  mentioned,  that  part  of  it  exposed  to  the  ivater  was  corroded 
through  after  four  years. 

The  destructive  action  of  the  oleic  acid  on  the  oil-pumps  used  in  stearin 
candle  manufactories  is  also  alluded  to.  And  the  following  details  are  given 
of  an  interesting  case  of  boiler  corrosion,  with  accompanying  incrustation, 
and  of  the  means  used  to  overcome  the  destructive  action.  The  condensed 
water  from  two  steam  engines,  respectively  of  300  and  100  horse-power,  was 
used  to  feed  a  steel  boiler  of  the  Cornish  design.  After  only  three  weeks* 
firing,  water  began  to  leak  into  the  tubes,  and  shortly  after  the  boiler  had  to 
be  stopped  for  examination  and  repair.  A  deposit  on  the  upper  part  of  the 
tubes,  from  8  to  11  mm.  thick,  was  found.  The  water  had  an  opalescent 
appearance,  at  once  removed  by  ether,  which  the  author  recommends  as  a 
good  qualitative  test  for  the  presence  of  grease  in  water.  The  following  is 
the  result  of  analysis  of  the  condensed  water,  which  was  obtained  at  a 
temperature  of  40**  to  $0^. 
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Calcium  carbonate     ... 
Magnesium  carbonate 
Calcium  sulphate 
Magnesium  chloride  ... 
Sodium  chloride 
Ferric  oxide  and  alumina 
Silica 
Organic  matter 

Total 


In  10,000  f 

^arl 

...  1-3091 
...  0-6930 
...  0-3158 
...  00134 
...    0-1200 

It 
» 
ft 
>» 

...  00241 
...  00023 
...    0-4138 

)l 
H 

...    2-8915 

II 

The  crust  deposited  from  this  water  had  a  dark  greyish-brown  colour  and 
was  friable  ;  but  when  pulverised  it  was  difficult  to  wet  with  water.  It 
effervesced  strongly  with  hydrochloric  acid,  a  black  fatty  mass  being  left 
floating  on  the  surface  of  the  acid,  which,  shaken  with  ether,  yielded  thereto 
about  5*19  per  cent,  of  a  brown  oil.  The  residue,  insoluble  in  hydrochloric 
acid,  was  washed  with  ether  to  remove  fat,  dried  at  100  deg.,  weighed  and 
ignited.    The  following  shows  the  full  analysis  : — 


Calcium  carbonate 

..     51-42  per 

cent. 

Magnesium  carbonate  ... 

..     1 1-30       „ 

Magnesium  hydrate 

390 

1 

Calcium  sulphate 

...      6-63 

1 

Ferric  oxide    ... 

..     i^'7S 

1 

Alumina 

0-31 

1 

Silica               

034 

» 

Fat  acids 

519 

f 

Combustible  matter 

846 

1 

10030 

In  order  to  purify  the  water,  the  calcium  carbonate  and  part  of  the 
magnesium  carbonate,  with  all  the  grease,  were  removed  by  precipitation  and 
subsequent  filtering.  The  fat  particles  were  removed  by  being  enveloped  by 
the  precipitated  calcium  carbonate,  which  mechanically  retained  them  on  the 
filter,  the  reaction  being  favoured  by  suitable  temperature  and  intimate 
mixture  previous  to  filtering. 


The  water  then  contained  in 

...     10,000  parts 

Calcium  carbonate 

0-1773     „ 

Magnesium  carbonate 

...    0-4135     „ 

Calcium  sulphate 

02068     „ 

Magnesium  chloride 

...    00108     „ 

Sodium  chloride 

0-2351     „ 

Silica   ... 

...    traces. 

Ferric  oxide  and  alumina 

...    traces. 

Organic  matter  ... 

0-1512      „ 

Total    ... 

I-I947  parts. 

No  grease  could  be  detected  in  the  filtered  water,  which  was  then  used  in 
the  same  boiler,  after  being  repaired,  for  three  months,  when  the  deposit  on 
the  tubes  was  found  to  amount  to  a  layer  of  only  the  thickness  of  a  sheet  of 
paper  and  almost  wholly  consisted  of  g>'psum,  and  easy  to  remove.    The 


I9*30  per  cent. 

1-26 

tt 

4502 

11 

1512 

11 

9*43 

It 

204 

It 

7-35 

tt 

traces. 
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whole  amounted  to  only  5  kilos,  in  weight  after  3  months'  steady  work.    It 
was  a  loose  greyish-brown  mass,  the  following  showing  the  analysis  : — 

Calcium  carbonate 

Magnesium  carbonate  ... 

Magnesium  hydrate.     ... 

Calcium  sulphate 

Ferric  oxide    ... 

Silica 

Organic  matter  (insol.  in  ether) ... 

Fatty  matter  ... 

9952 

To  purify  such  water  as  the  above  named  for  high  pressure  boilers,  a 
mixture  of  lime-water  and  caustic  soda  solution  is  recommended,  as  this  not 
only  removes  fat  adds  but  also  removes  the  magnesia,  which  forms,  w^ith 
gypsum,  hard  incrustations  at  high  temperatures.  {Dingier  Polyt.,  J.^  ccxv., 
115-121  ;  Chem,  Soc.  /.,  vol.  xiv.,  sec,  2  p.  132,) 

In  a  letter  on  the  corrosion  of  boilers,  addressed  by  me  in  October,  1874,  to 
the  Editor  of  Engineering  (and  published  in  that  paper  on  October  23,  1874), 
reference  was  made  to  the  Report  on  Corrosion  of  the  Tubing  of  two  of 
Rowan  and  Horton's  Patent  Boilers,  by  Mr.  Thomas  Spencer,  an  analytical 
chemist.  Starting  from  the  slender  basis  afforded  by  the  examination  of 
water  mains  in  two  cases  of  internal  corrosion  of  these,  where  a  very  pure 
natural  water  was  conveyed  through  them,  Mr.  Spencer  argued  that  the 
corrosion  in  these  boilers  was  due  to  the  use  of  distilled  water,  which  alone 
was  used  in  them,  but  which  he  confounded  with  pure  natural  water.  In  the 
absence  of  any  well  ascertained  facts  as  to  boiler  corrosion,  his  opinion  was 
accepted  as  sufficiently  explanatory  of  the  action  ;  but,  as  is  often  the  case 
with  half-knowledge,  that  which  was  true  in  his  investigations  was  rendered 
indistinct  by  crude  conjectures.  In  consequence  of  this,  in  the  letter  referred 
to,  and  generally  in  all  published  opinions  emanating  from  engineering 
sources  which  I  have  seen,  neither  the  great  difference  between  genuine 
distilled  water  and  pure  natural  waters — viz.,  the  quantity  of  air  and  gas 
which  is  invariably  held  by  the  latter — has  been  properly  weighed  or  even 
acknowledged,  nor  has  the  only  point  of  similarity  between  the  distilled 
water  from  surface  condensers  known  on  board  steamers  and  pure  fresh 
water — viz.,  that  there  is  always  some  air  present  in  the  former — been  noticed 
or  allowed  for.  In  the  letter  referred  to,  I  regret  that  I  also  confounded 
distilled  water  with  Loch  Katrine  water,  through  having  in  view  merely 
purity,  and  not  considering  the  presence  of  air  or  gases. 

In  considering  now  some  examples  of  boiler  corrosion,  I  shall  adopt  the 
arrangement  already  used  in  the  section  on  Incrustation,  viz. : — 

1.  Land  boilers  using  natural  fresh  waters  ;  and, 

2.  Marine  boilers. 

I.  From  what  has  been  before  us  in  connection  with  Incrustation,  it  is 
plain  that  it  is  only  in  those  land  boilers  which  are  fed  with  pure  natural 
waters  that  we  are  likely  to  find  Corrosion  at  work.  Where  lime  salts  are 
present,  a  crust  is  formed,  and  the  metal  surfaces  of  the  interior  of  the  boiler 
are  thus  kept  from  contact  with  the  water  and  any  corroding  ingredient  in  it. 
The  special  inconveniences  of  such  crust  formation  we  have  already  consi- 
dered. Highly  chalybeate  waters,  although  not  depositing  a  crust,  do  not 
seem  to  act  injuriously.  A  case  is  mentioned  in  Mr.  James  Napier's  paper  in 
Proc.  Phil.  Soc.  G.,  demonstrating  this.  There  may,  however,  be  some 
material  forming  part  of  the  crust,  or  adhering  to  it,  which  suffers  decompo- 
sition in  contact  with  the  heated  iron,  and,  as  a  consequence,  attacks  the 
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metal.  This  is  the  case  with  crusts  formed  with  fat  or  greasy  substances,  as 
in  the  instance  already  quoted  in  the  paper  by  Stingl. 

We  have,  in  this  district,  ample  opportunity  of  proving  the  effect  of  very 
pure  fresh  water  upon  boilers,  because  there  are  few  natural  waters  of 
greater  purity  than  that  from  Loch  Katrine,  with  which  various  manufactories 
in  and  around  this  city  are  supplied. 

The  water  formerly  supplied  to  Glasgow  having  been  calcareous,  it  has 
been  found  that  boilers  which  used  it  for  some  time  have  not  suffered  from 
corrosion  when  subsequently  fed  with  Loch  Katrine  water — the  explanation 
of  this  being  the  fact  that  the  thin  coating  of  lime  which  these  l?oilers  had 
acquired  acted  as  an  efficient  and  permanent  protection. 

Where,  however,  owners  or  managers  have  been  very  zealous  in  removing 
by  mechanical  or  chemical  means  every  trace  of  that  crust  in  order  to  get  the 
full  benefit,  as  they  have  thought,  of  the  pure  water,  the  result  has  been 
different  and  the  "  full  benefit "  has  often  been  of  a  kind  to  perplex  them.  When 
also  new  boilers  have  been  started  from  the  first  with  Loch  Katrine  w^ter, 
corrosion  has  been  more  or  less  rapid,  and  considerable  trouble  and  incon- 
venience have  been  caused  thereby. 

These  facts'  find  illustration  in  many  manufacturing  establishments  around. 
I  have  been  informed,  amongst  others,  of  a  boiler  attached  to  a  mill  in 
Bridgeton,  where  every  care  was  taken  to  remove  all  scale  before  introducing 
Loch  Katrine  water,  and  the  millowners  were  chagrined  by  finding  their 
boiler  quickly  suffer  from  corrosion. 

In  an  engineering  work  at  Port  Dundas,  one  boiler  which  had  wrought 
upon  a  supply  of  the  former  calcareous  water,  and  was  latterly  supplied  with 
Loch  Katrine  without  being  scaled,  continued  to  work  for  some  years  with- 
out showing  symptoms  of  distress  from  corrosion.  In  the  same  works, 
however,  a  range  of  new  boilers,  put  down  after  the  introduction  of  the  pure 
water,  suffered  so  severely  as  to  require  constant  repairs  at  tubes,  and  an 
entire  new  set  of  tubes  (of  between  40  and  50  in  e^ch  boiler)  in  a  compara- 
tively short  time.  In  another  engineering  work  on  the  south  side  of  the  city, 
the  main  shop  boiler  was  worked  for  three  or  four  years  without  suffering 
corrosion  with  Loch  Katrine  water,  after  having  worked  previously  for  seven 
or  eight  years  with  the  former  Glasgow  water.  When  a  new  boiler  was 
substituted  for  this  old  one,  although  the  new  one  was  subjected  to  precisely 
the  same  conditions  as  those  its  predecessors  wrought  under  for  some  years 
without  trouble  or  difficulty,  it  was  found  to  the  consternation  of  the  pro- 
prietors that  the  new  boiler  was  corroding  away  so  fast  as  to  suggest  that  a 
third  boiler  would  be  required  very  soon.  Until  the  presence  and  effect  of 
the  lime  coating  in  the  former  boiler  were  pointed  out,  it  was  impossible  for 
them  to  understand  how  one  boiler  should  be  able  to  use  Loch  Katrine  water 
without  damage,  while  another  similarly  worked  should  suffer  in  so  short  a 
time. 

In  the  former  of  these  two  examples  no  condensed  water  was  fed  into 
the  boilers,  as  they  were  working  in  connection  with  high  pressure  atmos- 
pheric engines  and  other  machines  ;  consequently  there  was  no  grease  or 
Other  corrosive  agent  introduced  into  them,  and  thus  the  corrosion  could  be 
traced  directly  to  the  water.  In  the  latter  one,  a  part  of  the  condensed 
steam  was  collected  in  the  feed  cistern,  and  a  considerable  quantity  of  grease 
thus  found  its  way  into  the  boiler,  thus  aiding  the  corrosion  somewhat. 
Steps  were  at  first  taken  to  exclude  this  grease  from  the  boiler,  but  the 
corrosion  afterwards  proceeded — large  quantities  of  oxide  of  iron  being 
removed  from  the  boiler — until  means  were  adopted  to  overcome  the 
action. 

The  following  is  the  result  of  the  analysis  of  the  water  made  during  July, 
and  published  by  Professor  Mills,  who  informs  me  that  it  represents  a  fair 
average  of  the  quality  of  the  Loch  Katrine  supply . 
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In  100,000  parts. 

Total  solid  impurity       ...             ...  ...  ...  316 

Organic  Carbon             ...            ...  ...  ...  o'lio 

Organic  Nitrogen           ...             ...  ...  ...  0033 

Ammonia 

Nitrogen  as  nitrates  and  nitrites  ... 

Total  combined  Nitrogen             ...  ...  ...  0033 

Chlorine           ...             ...             ...  ...  ...  070 

Hardness          ...             ...             ...  ...  ...  0-48 

The  report  also  bears  that  the  v\  ater  was  pale  brown  in  colour  and  con- 
tained traces  of  tibrous  matter  and  muddy  particle^,  and  that  the  general 
condition  was  very  satisfactory. 

Nothing  contained  in  the  water  as  impurity  can  account  for  its  destructive 
action  ;  but  the  fact  that  it  contains  7  to  8  cubic  inches  of  gas  (of  which 
ab<iut  3  cubic  inches  are  oxygen)  to  the  gallon  in  solution,  coupled  with  the 
investigations  already  quoted  in  this  paper,  as  to  the  effect  of  distilled  water 
without  gas  and  of  water  containing  gas,  makes  ail  plain.  The  corrosion  is 
due  to  the  action  of  the  carbonic  acid  and  oxygen  held  by  the  water,  and  the 
action  is  all  the  more  rapid,  from  the  absence  from  the  water  of  any  mineral 
matter  with  which  the  gases  can  combine.  In  both  of  these  engineering 
works  an  artificial  coating  of  lime  was  formed  in  the  interior  of  the  boilers, 
by  feeding  regularly  into  them  each  morning  for  some  time  a  whitewash  of 
Irish  lime  and  water.  This  expedient  was  quite  successful  in  checking  the 
corrosive  action,  and  as  the  lime  soon  hardened,  under  the  influence  of  the 
heat,  no  trouble  was  experienced  in  preserving  the  coating.  Pieces  of  lime- 
stone were  also  placed  in  the  feed  tank  or  cistern,  but  it  is  doubtful  if  they 
produced  much  effect.  Where,  however,  it  is  possible  to  mix  with  Loch 
Katrine  or  other  pure  water,  a  proportion  of  a  calcareous  natural  water  for  a 
time,  the  scale  formed  thus  in  working  will  probably  be  of  a  more  enduring 
nature.  I  strongly  recommend  this  plan  to  those  using  Loch  Katrine  water 
wlio  have  access  to  former  sources  of  supply. 

2.  Marine  Boilkrs.  We  are  introduced  to  a  variety  of  corn^sive  actions? 
in  considering  marine  boilers,  according  as  we  have  to  deal  with  boilers 
working  with  nothing  but  fresh  water  or  those  which  use  a  proportion  of  sea- 
water.     It  is  necessary,  however,  clearly  to  distinguish  these  two  classes 

The  only  marine  boilers  as  yet  using  exclusively  fresh  water,  in  regular 
working,  with  which  I  am  acquainted  are  those  of  Kowan  &  Horton,  men- 
tioned ni  the  letter  to  Eiifiiueehtig^^  to  which  I  have  referred,  and  elsewhere, 
and  those  working  on  Perkins'  plan.  Some  of  the  ordinary'  boilers  used  in 
steamers  with  what  are  called  coir.jwund  engines,  have  been  occasionally 
wrought  entirely  with  fresh  water,  but  in  every  such  case  recorded,  that 
manner  of  working  was  abandoned  after  a  very  short  trial,  in  consequence  ot 
the  rapid  corrosion  which  was  discovered  to  be  going  on.  Boilers  ni 
vessels  whose  voyages  are  always  made  in  sea-water,  are  constantly  liable  to 
receive  a  small  quantity  of  salt  water  by  leakage  through  surface  condenser 
joints,  or  some  other  connections,  so  that  even  where  it  is  or  has  been  the 
intention  to  use  fresh  water  only,  it  is  not  possible  without  analysis  to  de- 
termine if  that  has  been  done.  The  first  of  the  examples  quoted  above  have, 
however,  this  clement  of  uncertainty  removed  from  their  case  in  consequence 
of  their  steamers  ruiniing  in  fresh  water,  except  for  a  very  small  pait  oi 
their  voyage.  In  their  case  corrosion  from  fatty  acids  and  from  galvanic 
action,  of  what  may  be  called  an  intermittent  kind,  was  experienced  and 
successfully  counteracted.  These  actions,  and  the  respective  remedies 
which  were  adopted,  I  have  mentioned  in  the  published  letter  referred  to, 

«  This  Icttrr  is  printed  at  the  end  of  this  paper. 
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and  I  quote  them  here  because  they  show  what  are  the  corrosive  forces  to 
whicB  marine  boilers,  working  exclusively  with  fresh  w^ater,  may  be  sub- 
jected. Lime  was  present  in  small  quantity  in  the  river  water  used  to  fill  up 
the  boilers  at  starting  and  to  make  up  waste  in  working,  so  that  the  de- 
composition of  fats  already  described  could  take  place.  When  the  grease 
was  feanoved  as  much  as  possible  by  filtering  the  feed  water,  and  the  pre- 
.sence  oi  any  free  acid  was  neutralised  by  zinc,  the  corrosion  ceased.  The 
galvanic  action  was  also  arrested  by  means  of  the  filter,  because  in  general 
this  action  was  caused  by  local  contact  with  particles  of  metal  carried  into  the 
boiler,  and  not,  as  has  been  erroneously  supposed,  by  means  of  the  surface 
condenser  and  the  boiler  forming  together  the  two  elements  of  a  huge 
battery,  the  steam  and  water  being  the  exciting  medium. 

Of  Perkins'  boilers  worked  in  steamers  we  have  no  published  accounts 
with  which  I  am  acquainted,  so  that  we  cannot  say  whether  they  have 
suffered  from  corrosion  in  the  course  of  the  exigencies  of  practical  voyage 
making.  It  is,  I  know%  the  aim  of  Mr.  Perkins  to  exclude,  if  possible,  all  sea- 
water  and  all  oily  matter  from  his  boilers,  and  if  successful  in  doing  this, 
and  working  only  with  fresh  water,  the  corrosion  will  not  be  great.  Still, 
there  will  be  some,  as  the  gases  of  the  natural  fresh  w^ater  with  which  the 
boilers  are  filled  at  starting  will  oxidise  their  proportion  of  iron,  and  in  the 
feed  water,  which,  as  condensed  steam,  has  been  returned  from  engines 
through  the  surface  condenser  and  discharged  by  the  air  pump  into  the  hot 
well,  there  is  of  necessity  (probably  not  much),  yet  some  air  present,  as  the 
condensation  takes  place  in  contact  with  air  ;  and  this  air  will  also  do  its  own 
share  in  corroding  fresh  portions  of  the  clean  surface  of  the  boilers.  It  is 
probable  that  if  these  boilers  are  introduced  into  mercliant  steamers  and 
become  subject  to  the  invariable  emergencies  of  regular  trading,  by  which 
leakages,  deficient  supply,  and  contamination  of  feed  water  are  experienced, 
and  foreign  substances  find  their  way  into  the  boilers,  the  evils  qf  corrosion 
may  be  known  to  a  greater  extent  than  that  to  which  they  reach  where  it  is 
possible  to  observe  all  the  precautions  of  the  inventor  of  that  system. 

Generating  steam  from  fresh  water  alone  is  undoubtedly  the  proper,  as  it  is 
sure  on  this  account  to  be  ultimately  the  general,  mode  of  operation  with 
steam  boilers,  but  for  ordinary  sea-going  purposes,  appliances  must  not  be  too 
delicate,  but  require  to  possess  the  power  to  endure  abnormal  and  adverse 
conditions. 

The  case  of  a  coasting  steamer  using  in  her  boilers  natural  fresh  water 
from  two  sources  (one  at  each  end  of  her  voyage)  whose  boilers  were  de- 
stroyed by  corrosion  with  great  rapidity,  was  made  known  by  Mr.  James 
Gilchrist,  in  a  paj^er  read  before  the  graduate  section  of  the  Inst,  of  Engineers 
in  Scotland,  and  published  in  February  of  this  year  in  a  periodical  called 
Marine  Ettgiiu'i'ritiff  Xncs.  Analyses  of  one  of  these  waters  (the  other  having 
been  Loch  Katrine)  and  of  the  deposit  found  in  the  boilers  are  given  in  the 
paper,  with  the  opinions  of  two  professional  chemists,  who  ascribed  the  corro- 
sive action  to  the  injudicious  use  of  a  large  quantity  of  tallow  in  engines  and 
boilers.  There  is  no  doubt  that  the  decomposition  of  the  tallow  was  in 
i  self  suflicient  to  cause  seritJus  damage  to  the  boilers  in  presence  of  fresh 
water  containing  a  small  quantity  of  lime  ;  but  the  action  in  this  case  was 
modified  by  a  fact  not  noticed  by  the  chemists--  viz.,  that  during  the  voyage  of 
the  steamer  all  deficiency  in  feed  water  was  made  up  from  the  sea.  The  boiler 
deposit  consequently  contains  iyii  per  cent.  o(  magnesia,  and  '12  per  cent,  of 
common  salt,  as  well  as  8-8^)  per  cent,  of  oil  and  organic  matter  ;  and  it  is  to 
the  presence  and  decomposition  of  chloride  of  magnesium  to  which  the 
presence  of  magnesia  in  the  deposit  bears  witness,  as  well  as  to  the  carbonic 
acid  of  the  original  boiler  supply,  that  a  great  part,  and  probably  the  rapidity, 
of  the  corrosive  action  is,  I  believe,  to  be  attributed. 

This  leads  to  the  cdnsideration  of  marine  boilers  using  partly  fresh  and 
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partly  salt  water,  by  far  the  most  extensive  class  at  present,  and  that  which 
has  suffered  most  from  corrosive  action. 

A  very  intelligent  account  of  the  state  of  matters  in  this  class  of  boilers  is 
given  by  Mr.  Milln,  in  a  paper  read  before  the  Cleveland  Iron  Trade  Fore- 
men's Association.  Nov.,  1S75,  and  published  widely  in  the  engineering 
periodicals.  This  author  describes  graphically  the  introduction  of  the  Wfacc 
condenser  into  marine  engine  practice,  with  which  is  coincident  the  com- 
mencement of  all  real  trouble  from  corrosion,  and  he  then  describes  the 
course  of  events  with  two  distinct  sets  of  marine  boilers.  In  the  first  of 
these  we  have  a  good  example  of  boilers  which  had  been  worked  at  com- 
paratively low  pressure  viz.,  25  lbs.  per  square  inch  and  fed  for  four  years 
with  sea-water — working  during  that  time  in  connection  with  an  ordinar\- 
injection  condenser  attached  to  engines  which  indicated  900  horse-power. 
As  the  voyage  was  not  of  long  duration  and  time  was  given  for  regular 
"  scaling  "  of  the  boiler  surfaces  {i.e,,  removing  the  scale  from  them)  at  the 
close  of  every  voyage,  no  damage  was  done  by  incrustation  and  no  incon- 
venience beyond  the  cost  of  fuel  consumed  was  experienced.  The  injection 
condenser  was  then  replaced  by  a  surface  condenser,  some  of  the  old  incrus- 
tation being  left  adhering  to  the  boiler  surfaces,  and  the  boilers  were  worked 
for  some  time  thereafter  with  fresh  water,  the  deficiency  in  feed  supply 
being  made  up  from  the  sea.  The  crust  was  soon  removed  and  the  boilers 
corroded,  showing  pits  and  blotches  and  all  the  usual  symptoms. 

The  otlier  instance  quoted  by  Mr.  Milln  is  that  of  a  new  set  of  boilers 
working  at  65  lbs.  pressure  in  connection  with  compound  engines  of  1700 
horse-power  and  surface  condenser,  evidently  an  excellent  example  of  average 
modern  steamsliip  machinery.  These  boilers  were  worked  from  the  first 
with  fresh  water,  the  waste  being  supplied  by  distilled  water,  yet  the  density 
of  the  water  increased  daily  and  corrosion  proceeded  at  the  same  time  most 
energetically.  After  one  voyage  the  boilers  were  filled  at  starting  with  sea 
water,  but  no  more  sea-water  was  added  during  the  voyage  except  the  small 
quantity  necessary  for  surplus  feed  supply.  Under  these  fresh  circumstances 
corrosion  still  proceeded,  though  it  was  thought  more  slowly,  and  was  only 
finallv  stopped  by  what  is  called  "changing  the  water,"  t.c.,  blowing  off  a 
quantitv  regularly  and  replacing  it  with  sea-water,  thus  introducing  fresh 
quantities  of  sea-water  into  the  boilers  during  the  voyage. 

Tliis  author  then  alludes  to  the  many  theories  explanatory  of  corrosive 
action  which  have  been  started,  but  only  to  reject  them  all  and  adopt  the 
popular  error,  that  corrosion  is  due  to  a  change  supposed  to  be  wrought  upon 
the  water  itself  by  distillation  or  re-disiillaiion,  which,  according  to  some, 
confers  upon  it  tlie  properties  of  a  powerful  solvent  of  metals,  and  according 
to  otiiers,  altliough  they  do  not  like  to  state  it  thus  plainly,  this  distillation 
decomposes  the  water  and  dissociates  its  oxygen,  which  forthwith  attacks  the 
iron  of  the  boilers,  or  as  Mr.  Milln  puts  it :  "the  constituent  elements  of  water 
when  frequently  re-distilled  undergo  such  a  change  as  to  greatly  intensify  its 
action  on  or  aihnity  for  iron."  One  engineering  journal  indeed  very  confi- 
dently afiirms  that  it  is  "  a  f.ict  but  too  familiar  to  engineers  that  the  con- 
tinuous boiling  of  distilled  water  in  an  iron  vessel  causes  the  destruction 
of  that  vessel,"  but  has  to  admit  that  the  circumstance  that  that  water  also 
passes  over  a  very  great  surface  of  brass  or  copper  (of  the  destruction  of 
which,  however,  not  a  word  is  said)  complicates  the  aspect  of  the  phenomena. 

it  must,  however,  be  confessed  by  engineers,  that  of  the  data  or  investiga- 
tions by  which  so  api^arently  wild  a  theory  has  been  established  as  a  fact 
they  are  as  yet  profoundly  ignorant,  and  as  Mr.  Milln  observes,  "  it  is  with 
regard  to  the  nature  of  tiii»  change  that  we  so  much  want  information!" 
There  is  this  solitary  fact  known  and  harped  upon,  viz.,  that  dry  steam  in 
contact  for  a  period  of  time  with  iron  or  carbon,  in  a  tolerably  fine  state  of 
division  and  at  a  red  heat,  is  decomposed,  hydrogen  gas  escaping,  while  the 
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oxygea  combines  with  the  iron  or  carbon.  But  this  has  never  been 
attempted  with  water  nor  can  it  be  done  with  steam  below  red  heat.  What 
is  known  of  the  action  of  distilled  water  proves,  indeed,  the  clean  contrary  to 
this  theory,  and  in  illustration  of  "  what  is  known,"  I  refer  to  .those  investiga- 
tions which  I  have  already  quoted.  They  prove  that  it  is  the  presence  of  air 
or  gases  which  makes  the  difference  in  the  action  of  various  pure  waters,  and 
even  in  that  of  the  various  salts  dissolved  in  impure  waters,  and  that  when 
water  is  distilled  free  from  air,  its  corroding  power  is  lost.  Thus  the  remedy 
for  corrosion  proposed  by  some  engineers  to-day,  viz.,  that  the  condensed 
steam  should  be  aerated,  proves  to  be  a  foolish  suggestion,  for  this  would  but 
increase  the  power  of  that  water  to  corrode  the  iron  of  the  boilers. 

I  shall  be  within  the  strict  truth  \vhen  I  say  that  it  is  hasty  to  conclude, 
from  examples  of  boiler  corrosion,  that  distilled  water  has  to  do  with  the 
corrosion,  for  the  fact  is  that  there  is  no  case  known  in  which  the  proper 
effects  due  to  the  employment  of  distilled  water  alone,  and  free  from  gases, 
upon  the  metal  of  boilers,  could  have  been  observed.  The  boilers  of  Rowan 
and  Horton,  and  of  Perkins,  present  the  nearest  approach  to  the  conditions 
requisite  for  such  information,  but  not  all  the  necessary  conditions  are  found 
even  in  these  instances.  The  examples  just  quoted  from  Mr.  Milln's  paper 
are  of  the  kind  with  which  engineers  are  more  generally  familiar,  and 
they  do  not  give  such  *data  as  would  lead  to  the  conclusion  about  distilled 
water.  The  opinion  is  therefore  due  to  a  hasty  conclusion,  drawn  from 
the  coincident  occurrence  of  corrosion  with  the  introduction  of  surface 
condensers. 

In  the  first  example,  genuine  distilled  water  was  never  present.  The 
boilers  were  filled  up  with  fresh  water  at  starting  with  the  surface  condensers, 
but  not  only  was  waste  and  deficiency  of  feed  made  up  from  the  sea  during 
the  voyages,  but  there  was  also  the  saline  crust  adhering  to  the  boilers  to  be 
dissolved  or  partially  dissolved  by  the  fresh  water.  Contrary  to  the  opinion 
of  Mr.  Milln  and  others,  I  maintain  that  just  because  analysis  shows  that 
such  crust  contains  chloride  of  sodium  (in  appreciable  quantity  when  formed 
at  such  a  pressure  as  that  of  the  boiler  mentioned — \\z.^  25  lbs.  per  square 
inch),  if  not  also  other  soluble  ingredients,  a  certain  part  of  the  crust  must 
have  been — and  in  such  cases  always  is — dissolved  ;  and  thus  the  crust  is 
partially  disintegrated,  and  the  insoluble  magnesia  and  sulphate  of  lime  fall 
in  flakes  to  the  bottom  of  the  boiler.  The  fact  that  the  water  did  not  long 
remain  fresh  does  not  in  any  way  interfere  with  this  opinion,  for  it  is  a  fact 
well  known  that  salts  dissolve  more  readily  in  a  solution  of  other  salts  than 
in  fresh  water.  Hence  the  scale  would  come  off  even  more  rapidly  when  a 
small  quantity  of  sea- water  was  used. 

The  second  example  started  with  boilers  filled  with  natural  fresh  water, 
which  itself  has  (as  we  have  seen),  if  pure,  power  to  corrode  by  its  gases  in 
solution  ;  but  although  distilled  and  not  sea-water  in  this  case  was  used  for 
surplus  feed  supply,  the  salinometer  test  showed  plainly  that  pure  distilled 
water  was  never  present,  and  that  either  sea-water  was  getting  in  through  a 
leaky  condenser,  or  that  fatty  and  other  matters  were  accumulating  in  the 
boiler,  the  colour  and  taste  of  the  water  being  decided  indications  that  such 
(and  probably  both,  of  these)  results  were  happening.  After  the  first  voyage 
which  gave  such  results,  sea-water  was  regularly  used  in  greater  or  less 
proportion. 

Thus  we  must  search  for  the  corroding  agents  apart  from  the  distilled 
water.  The  analyses  by  Dr.  Wallace  and  others,  of  boiler  crusts,  and  the 
researches  of  Wagner  and  F'ischer  quoted  herein,  reveal  one  very  important 
one,  viz.,  the  chlorine  or  hydrochloric  acid  set  free  by  decomposition  of  the 
chloride  of  magnesium  in  the  sea- water.  This  decomposition  may  take 
place  under  the  influence  of  high  temperature  alone,  when  magnesium 
hydrate  is  deposited,  while  the  iron  is  attacked  by  the  hydrochloric  acid,  first 
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chloride  and  subsequently  oxide  being  formed.  As  the  combined  influences 
of  temperature  and  carbonate  of  lime  are  present,  it  is  probable  that  the 
sulphate  of  magnesia  is  also  decomposed,  and  that  some  oxychloride  of 
magnesia  is  also  formed,  but  this  has  not  yet  been  demonstrated  by  analyses 
of  deposits,  though  it  is  the  opinion  of  Dr.  Mills  and  others  that  part  of  the 
magnesia  reported  in  ordinary  analysis  of  boiler  deposits  from  sea-water 
exists  in  that  form.  Dr.  Fischer  also  demonstrates  that  this  mutual  decom- 
position of  magnesium  sulphate  with  calcium  carbonate  is  a  fact,  and  that  the 
liberation  of  carbonic  acid  also  necessarily  takes  place. 

The  researches  of  J.  Y.  Buchanan  "  on  the  power  of  sea-water  to  absorb 
carbonic  acid,"  to  which  I  have  already  referred,  have  shown  us  that  sea- 
water,  on  account  of  the  sulphates  which  it  holds  in  solution,  absorbs  a  large 
amount  of  that  gas,  which  it  readily  gives  up  on  the  sulphates  being 
decomposed  or  separated  from  the  water.  Such  decomposition  and  precipita- 
tion of  sulphates  occur  in  marine  boilers,  besides  there  being,  now  since  the 
surface  condenser  era,  repeated  boiling  of  the  water,  which  of  itself  in  time 
liberates  nearly  all  the  carbonic  acid.  We  have  in  these  two  agents,  viz., 
the  hydrochloric  acid  of  the  decomposed  chlorides  and  the  carbonic  acid, 
combined  with  high  temperature  and  pressure,  quite  enough  to  account  for 
most  of  the  corrosion  which  occurs. 

The  researches  of  Stingl,  which  I  have  quoted,  show  the  power  for  e\nl 
which  greasy  matters  wield,  and  this  specially  I  believe  where  the  water  is 
comparatively  fresh,  though  not  there  alone.  And  where  grease  is  allowed 
to  reach  the  boilers  it  can  also  carry  along  with  it  particles  of  other  metaK 
which,  in  spite  of  the  incredulity  of  some  engineers,  have  been  found  to  do 
mischief,  and  are  capable  of  doing,  if  possible,  more  in  presence  of  salt 
water  than  with  fresh,  unless  it  be  acidulated.  It  is  not  supposed  that  the>' 
can  do  all  the  mischief,  or  even  any  in  places  to  which  they  cannot  reach ; 
it  is  sufficient  that  they  are  capable  of  doing  some,  and  there  are  specimens 
extant  (among  the  specimens  collected  by  the  Admiralty  committee  on  boilers 
for  instance)  of  corrosion  and  abrasion  of  brass  tubes  and  other  parts  of 
engines,  which  show  that  this  is  a  real  and  not  a  fancied  danger. 

The  simple  explanation  of  the  fact  that  all  such  corroding  agents  have 
done  damage  principally  since  the  introduction  of  the  surface  condenser, 
is  that  the  surface  condenser,  by  sepai*ating  the  condensed  steam  from  the  sea 
water  used  to  condense  it,  and  by  returning  so  much  fresh  water  to  the 
boilers,  has  reduced  the  proportion  of  sea-water  used  in  them  below  thai 
point  at  which  it  is  possible  to  form  a  protecting  scale  or  crust  by  the 
saturation  of  a  considerable  quantity  of  sea-water.  It  also,  as  I  have  said, 
provides  for  the  complete  liberation,  by  repeated  boiling,  of  the  carbonic  add 
held  by  the  sea-water. 

That  sea-water  alone  at  the  boiling  point  corrodes  iron  is  proved  by  one  of 
Wagner's  experiments,  in  which  the  percentage  of  loss  from  a  piece  of  iron 
plate  which  was  kept  in  contact  with  boiling  sea-water  and  air  for  six  weeks, 
steadily  increased  from  043  per  cent,  after  one  week  to  1*24  per  cent,  after  six 
weeks.  And  proof  that  in  marine  boilers  a  small  proportion  of  sea-water  i> 
capable  of  doing  mischief  while  a  large  quantity  is  not,  is  found  readily  in  the 
fact  that  engineers  have  repeatedly  arrested  corrosive  action  by  simply  increas- 
ing the  quantity  of  sea-water  in  the  boilers,  but  without  altering  any  of  the 
other  conditions  of  working.  It  is  always  in  boilers  that  are  "  worked  fresh" 
(i.e.,  with  the  minimum  of  sea-water)  that  corrosion  proceeds  most  rapidly, 
and  I  know  of  one  steamer  (the  s.s.  Vespasian)  where  by  continually 
working  fresh,  a  new  set  of  boiler  tubes  was  required  in  little  more  than 
twelve  months  after  starting,  while  after  that  time,  in  the  same  boilers,  the 
use  of  a  large  proportion  of  sea-water  was  enough,  without  further  change  in 
working  to  preserve  the  boilers  from  rapid  corrosion.  As  soon  as  ihc 
smallest  quantity  of  scale  begins  to  form,  destructive  action   is  arrested 
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This  is  true  of  all  the  various  kinds  of  destructive  action,  and  explains  how 
under  the  old  regime  none  of  these  were  known.  It  also  shows  how 
fallacious  must  be  any  conclusions  drawn  from  comparisons  of  results  with 
old  boilers  in  any  attempt  to  argue  from  them  to  results  in  modern  ones,  as 
though  both  were  obtained  under  like  conditions.  Another  proof  of  the 
existence  of  such  decompositions  as  I  have  described  is  found  in  the  fact  that 
the  water  of  boilers  in  which  corrosion  is  going  on  becomes  alkaline.  This 
shows  an  accumulation  in  solution  of  the  effect  of  the  alkaline  ingredients  of 
sea-water,  by  decomposition  and  the  neutralisation  of  the  acid  ingredients, 
and  it  is  for  this  reason  that  some  have  been  disappointed  by  testing  the 
water,  who  had  concluded  that  if  corrosion  was  due  to  the  presence  of  acid 
substances  then  the  water  must  be  acid. 

The  pitting  and  blotching  effects  produced  on  the  metal  of  the  boilers  prove 
on  examination  to  be  not  so  mysterious  as  our  first  apprehensions  render 
them.  The  same  results  follow  the  use  of  corroding  liquids  in  any  metal 
vessels  when  exposed  to  air  and  to  sight.  Even  basins  made  of  platinum — 
which  is  harder  and  closer  in  texture  than  any  other  metal — I  am  informed,  are 
found  by  chemists  to  wear  in  a  similar  way  by  having  certain  liquids  boiled 
in  them,  and  thus  the  effects  are  apparently  due  to  non-homogeneity  of  the 
metals  as  well  as  to  purity  in  some  cases.  Heat  in  most  instances  has  a  con- 
siderable share  in  directing  the  action,  which  is  usually  found  to  have  been 
more  intense  m  the  hotter  regions. 

Before  adverting  to  a  remedy  for  this  action,  I  may  say  that  in  the  boilers 
of  the  s.s.  Propontis,  analyses  of  crusts  from  which  are  given  at  page  613,  the 
various  results  of  corrosion  were  experienced.  Increase  of  density  in  the 
water  observed  when  nominally  working  with  fresh  water  alone  proves,  from 
the  analysis  of  the  deposit  then  taken  from  the  boilers,  and  from  an  estimation 
of  the  total  solids  in  the  water  at  the  close  of  that  voyage  (made  by  Mr. 
Tookey,  and  found  to  amount  to  3272*5  grains  in  the  gallon),  to  have  been 
due  to  leakage  of  sea-water  into  the  boilers  by  means  of  connections  with  a 
small  boiler  used  for  supplying  steam  to  a  cylinder  steam-jacket.  Milkiness 
and  acrid  taste  in  the  water  were  no  doubt  due  to  the  presence  of  fatty 
substances  in  solution,  as  a  large  quantity  of  grease  was  collected  on  the  filter 
through  which  all  the  feed  water  passed.  It  is  probable  that  these  two 
causes  will  be  found  to  account  in  nearly  all  cases  for  the  increase  of  density 
often  observed  in  similar  circumstances  of  working. 

It  now  remains  to  suggest  a  remedy.  Much  has  been  said  in  favour  of  the 
use  of  zinc  in  boilers,  but  zinc  will  not  do  where  any  proportion  of  sea-water 
is  used,  because  it  is  very  rapidly  decomposed  by  the  salts  in  sea-water,  and 
chloride  of  zinc  merely  adds  to  the  impurities  and  evils  of  the  case.  It  has 
been,  and  may  be,  used  successfully  in  fresh  water,  where  there  is  free  acid 
to  be  neutralised,  but  there  its  usefulness  stops  as  far  as  corrosion  is 
concerned. 

Filtering  the  feed-water  is  a  most  excellent  precaution,  and  should 
undoubtedly  be  universally  adopted  in  order  to  prevent,  as  far  as  possible,  the 
entrance  of  foreign  substances  into  the  boiler. 

To  prevent  the  corrosive  action  in  them  of  matters  in  solution,  which  no 
filter  can  arrest,  I  believe  no  better  remedy  can  be  found  than  the  forming  on 
the  interior  surfaces  an  artificial  coating  composed  of  calcium  sulphate  and 
magnesium  hydrate  in  proportions  varying  according  to  the  pressure  carried 
in  the  boiler.  This  can  be  readily  fed  in,  in  the  form  of  a  thin  whitewash, 
with  fresh  water,  and  should  be  applied  to  all  boilers  on  the  very  first 
occasions  of  getting  up  steam  in  them.  Otherwise  corrosive  actions  may 
commence,  and  unfit  the  surfaces  for  the  adherence  of  such  a  protecting 
crust.  A  protecting  crust  has  repeatedly  been  formed  in  boilers  by  using 
salt  water  ;  and  in  one  of  Mr.  Milln's  examples  he  was  able  to  keep  this  of. 
proper  thinness  by  regularly  blowing  off  about  i-pth  of  the  water  evaporated 
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Yet  this  is,  as  he  admits,  a  very  troublesome,  and  not  a  safe  method  of 
working,  and  yet  to  keep  such  a  scale  on,  it  must  be  carefully  carried  out 
without  intermission,  because  as  soon  as  Ihe  boilers  are  allowed  to  "work 
fresh "  that  scale  dissolves  off.  By  making  an  artificial  scale  with  fresh 
water,  as  suggested,  its  thickness  is  quite  under  control,  and  when  once 
hardened  by  heat,  fresh  water  will  not  dissolve  it,  and  thus  steam  can  be 
generated  in  the  best  way.  Even  if  a  small  quantity  of  sea-water  should 
leak  in  it  is  not  likely  that  the  coating  would  be  injured. 

Apart  from  such  a  plan  there  seems  to  be  no  hope  of  escaping  corrosion 
and  advancing  at  the  same  time  in  engineering  practice,  until  it  is  possible  to 
have  copper  boilers.  And  yet,  even  then,  as  the  recent  experiments  of 
Carnelley  on  "The  Action  of  Water  and  of  Various  Saline  Solutions  on 
Copper"  (Chcm.  Soc.  J.,  No,  clxiii.,  page  i,)  seem  to  show,  we  should  still 
have  to  combat  the  same  difficulties. 


THE  WEAR  AND  TEAR  OF  BOILERS. 

From  The  Engineer,  Sept.  15th,  1876. 

Mr.  F.  J.  Rowan,  of  Glasgow,  has  WMthin  the  last  few  days  read  a  paper  in 
the  Mechanical  Section  of  the  British  Association  **  On  Boiler  Incrustation  and 
Corrosion."'  Mr.  Rowan's  reputation  as  an  engineer  is  a  sufficient  guarantee 
that  a  paper  from  his  pen  on  such  a  subject  will  be  worthy  of  consideration, 
and  we  regret  extremely  that  he  has  requested  us  not  to  reproduce  his 
contribution  to  Section  G  in  a  complete  form.  It  is  so  compact,  and  yet  so 
involved,  that  it  would  be  impossible  to  condense  it,  and  at  the  same  time 
render  intelligible  the  statements  and  the  arguments  which  it  contains.  We 
have  no  course  lef(  open  to  us,  therefore,  but  to  call  attention  to  the  fact  that 
Mr.  Rowan  has  contributed  some  valuable  information  to  the  existing  stock  of 
knowledge  concerning  the  wear  and  tear  of  steam  boilers,  and  to  give  here 
some  idea  of  the  line  of  argument  which  he  has  adopted.  The  great  defect 
of  the  paper  is  want  of  lucidity.  Mr.  Rowan  publishes  facts,  opinions,  the 
results  of  experiments,  and  the  theories  and  explanations  of  a  whole  host  of 
authorities,  British  and  foreign,  without  much  attempt  at  arrangement ;  and, 
unfortunately,  he  does  not  draw  his  deductions  with  the  clearness  which  is 
desirable,  while  he  has  omitted  certain  extremely  Important  considerations. 
It  follows  that  the  paper  must  be  read,  or  rather  studied,  with  a  great  deal  of 
care  before  we  can  arrive  at  any  definite  conclusion  as  to  Mr.  Rowan's 
meaning  ;  but,  on  the  other  hand,  when  we  have  found  out  w^hat  this  is,  we 
admit  readily  that  his  reasoning  is  sound  as  far  as  it  goes,  and  in  some 
respects  novel,  and  no  one  will  dispute  that  the  paper  has  been  prepared  with 
great  pains,  and  that  it  displays  an  extraordinary  amount  of  special  erudition 
on  the  part  of  the  author. 

Mr.  Rowan  first  considers  the  causes  and  effects  of  incrustation  in  boilers, 
and  we  find  with  regret  that  while  he  repeats  a  great  deal  that  has  been  said 
by  Dr  Rogers,  of  Madison,  U.S.,  concerning  the  conducting  power  of  incrusta- 
tions of  lime,  etc.,  he  has  entirely  ignored  the  fact  that  the  conducting  power 
of  a  body  is  practically  no  measure  whatever  of  its  powers  of  transmitting 
heat.  It  has  been  shown  long  since  by  Peclet,  whose  views  have  been 
endorsed  by  Rankine,  that  the  ability  of  a  plate  of  any  substance  to  transmit 
heat  depends  far  more  on  what  has  been  termed  the  emissive  and  receptive 
powers  of  the  two  surfaces  of  the  plate  than  on  an>'thing  else.  Thus,  for 
example,  an  iron  plate  will  conduct  about  twelve  times  as  much  heat  in  a 
given  time  as  its  surfaces  can  absorb  or  give  out.  The  principle  has  been 
utilised  by  the  employment  of  "  heat  pegs,"  or  pins  traversing  the  thickness 
of   a  boiler.     All  the  heat  which  a  surface  of   12  in.  can  absorb  is  freely 
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transmitted  through  a  single  square  inch  of  sectional  area  where  the  pin 
passes  through  the  plate.  That  is  to  say,  if  we  have  a  pin  i  in.  square  and 
about  6  in.  long  inserted  in  the  side  of  a  fire-box,  so  that  something  less  than 
3  in.  of  the  length  of  the  pin  are  in  the  furnace  and  the  same  length  at  the 
other  side  of  the  plate  in  the  water,  then  the  portion  of  the  pin  in  :he  fire 
cannot  be  unduly  heated,  the  sectional  area  of  the  pin  sufficing  to  convey  the 
whole  of  the  heat  absorbed  and  given  out  by  the  much  larger  surfaces  in  the 
furnace  and  the  water.  From  a  neglect  of  this  fact  Mr.  Rowan  tacitly  admits 
that  with  half  an  inch  of  scale  on  a  plate,  that  plate  can  be  made  red  hot,  or 
nearly  so  ;  and  he  also  accepts  the  statements  of  Dr.  Rogers,  to  the  effect  that 
a  scale  of  ^  in.  thick,  increases  the  consumption  of  fuel  by  15  per  cent.,  while, 
when  it  is  \  in.  thick,  60  per  cent,  more  fuel  is  needed.  These  statements  we 
believe  to  be  extremely  incorrect.  It  has  been  shown,  indeed,  that  the  presence 
of  a  thin  scale  has  actually  increased  the  steaming  power  of  a  boiler,  simply 
because  the  surface  of  the  scale  emitted  heat  more  freely  than  a  surface  of  iron 
to  the  water  with  which  it  was  in  contact.  In  several  instances  Mr.  Rowan 
accepts  statements  which  refer  to  isolated  experiments,  or  the  deductions  of 
comparatively  unknown  experimentalists,  with  the  same  readiness  and  good 
faith.  This  is  a  serious  defect  in  so  elaborate  a  communication  ;  and  we  call 
attention  to  it  in  no  unkindly  spirit  of  criticism,  but  in  the  bone  <hat  w W  ^- 
Rowan  reprinfcs  b^'Si  f^aper,  as  «6  lo«iVieve  he  proposes  to  do,  he  will  revise  it  in 
the  sense  of  explaining  to  his  readers  whether  he  does  or  does  not  hold  that 
such  reasoning,  as  that  of  Dr.  Rogers  for  example,  is  sound. 

When  we  come  to  speak  of  the  way  in  which  Mr.  Rowan  has  dealt  with 
the  chemistry  of  incrustation,  we  have  little  to  say  that  is  not  praise.  Never 
previously,  we  venture  to  affirm,  has  such  a  complete  resume  of  the  opinions 
of  chemists  been  placed  before  the  world  in  compact  form.  We  shall  make 
no  attempt  to  reproduce  this  portion  of  the  paper,  but  hasten  at  once  to  say 
that  Mr.  Rowan's  grand  panacea  for  all  the  ordinary  forms  of  incrustation  is 
the  use  of  soda  ash.  The  quantity  of  this  material  used  in  a  pair  of  boilers  at 
Barrowfield — one  6  ft.  6  in.  by  21  ft.,  and  the  other  7  ft.  6  in.  by  27  ft. — is  6  lb. 
per  week  in  both  boilers.  The  total  quantity  of  feed  used  is  9700  gallons  per 
week.  The  soda  is  dissolved  in  water  and  pumped  into  the  boilers,  which  are 
blown  out  once  every  three  months.  The  deposit  consisted,  before  the  use  of 
the  ash,  of  carbonate  of  lime  66  per  cent.,  with  quantities  varying  from  I  to  8 
per  cent,  of  magnesia,  sulphate  of  lime,  silica,  oxide  of  iron,  etc.  The  soda 
ash  has  answered  perfectly  in  this  case,  it  would  appear.  As  regards  marine 
boilers,  Mr.  Rowan  admits  that  soda  ash  cannot  be  used,  and  that  the  only 
true  remedy  for  incrustation  at  sea  lies  in  the  use  of  fresh  water.  It  is  a 
remarkable  fact  that  he  passes  over  in  silence  the  well-known  truth  that  the 
deposit  of  lime  salts  in  a  boiler  is  due  to  the  circumstance  that  these  salts  are 
less  soluble  in  hot  water  than  they  are  in  cold  water.  If  this  were  not  the 
case,  as  we  never  have  feed- water  in  the  condition  of  a  really  saturated 
solution  of  carbonate  or  sulphate  of  lime,  incrustation  could  be  wholly 
avoided  by  blowing  off.  On  the  other  hand,  if  water  be  heated  to  212  deg., 
or  a  little  over,  before  it  is  pumped  into  a  boiler,  and  time  be  allowed  for  the 
settlement  of  the  salts  which  it  will  then  throw  down,  incrustation  may  be 
very  nearly  prevented.  It  would  be  entirely  prevented,  but  that  when  the 
water  is  raised  a  second  time  in  temperature  in  the  boiler,  a  further  quantity 
of  salts  becomes  insoluble  ;  which  is  to  say  that  that  which  just  before  was 
not  a  saturated  solution  because  its  temperature  was  212  deg.,  now  becomes 
one  because  its  temperature  is  280  deg.  or  300  deg.  We  have  never  yet 
heard  the  truth  of  these  statements  controverted  ;  and  they  bear  so  important 
a  relation  to  the  question  discussed  by  Mr.  Rowan  that  it  is  to  be  regretted  he 
has  passed  them  over  in  silence. 

Mr.  Rowan's  conclusions  concerning  the  cause  of  corrosion  in  marine 
boilers  will  hardly  be  accepted  without  question  by  engineers.     He  arrays, 
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it  is  true,  an  army  of  authorities  on  his  side  ;  but  as  these  men  are  for  the 
most  part  chemists  who  have  dealt  on  a  very  small  scale  with  pieces  of  iron 
and  various  solutions,  and  have  had  no  practical  experience  with  steam  boilers, 
we  must  refuse  to  believe  that  they  have  placed  the  solution  of  a  very 
complex  problem  at  the  disposal  of  the  world.  Mr.  Rowan's  theory  is,  that 
the  corrosion  of  marine  boilers  working  with  surface  condensers  is  due  to  the 
presence  in  the  water  of  grease,  and  some  gas.  He  is  not  very  particular 
what  gas.  To  prove  this  theory  he  cites  the  experiments  of  Stingl,  Wagner, 
Fischer,  and  others.  There  is  nothing  novel  in  the  statement  that  the 
presence  of  grease  in  a  boiler  causes  corrosion ;  but  we  believe  that  very- 
many  engineers  will  join  with  us  when  we  assert  that  the  most  elaborate 
systems  of  filtering  feed-water,  and  so  excluding  grease,  have  totally  failed  to 
prevent  the  decay  of  marine  boilers.  In  fact,  the  presence  or  absence  of 
grease  has  had,  in  a  large  number  of  instances,  no  appreciable  effect  one  way 
or  another  on  the  decay  of  iron  plates,  and  at  this  moment  it  is  largely 
exaggerated.  We  do  not  dispute,  however,  that  in  several  instances  there  has 
been  some  reason  to  think  that  grease  had  an  injurious  effect,  and  it  is  highly 
desirable  for  this  and  for  other  reasons  to  keep  it  out  of  a  boiler.  As  regards 
the  theory  that  the  presence  of  air  or  some  other  gas  sets  up  and  maintains 
-2r^^^'*nr,  «v^  rn'^y  s^v  fh-»t  although  the  theory  is  not  new  as  re^rds  air.  it 
appears  to  be  quite  novel  as  regarus  vu<^.  ,»«aco.  .  .  !«»..>«.  » io  ..%^iiv  put 
before  the  world  in  a  complete  and  specific  form  for  the  first  time.  It  is 
almost  as  difficult  to  prove  that  Mr.  Rowan  is  wrong  as  to  demonstrate  that 
he  is  right.  He  very  properly  points  out  that  the  water  coming  from  a  surface 
condenser  is  not  distilled  or  pure  water  in  the  chemical  sense  ;  but  that,  on 
the  contrary,  it  contains  air,  carbonic  acid  gas,  etc.  In  a  word,  pure  distilled 
water  is  never  used  at  sea  in  boilers,  and  this  being  the  case,  we  cannot  say 
from  experience  whether  pure  water  would  or  would  not  corrode  a  boiler. 
But  he  urges  that  It  is  certain  that  it  would  not  corrode  a  boiler, -because  the 
late  Professor  Grace  Calvert  found  that  distilled  water  which  did  not  contain 
air  or  gases  was  without  corrosive  action  on  iron,  a  bright  blade  immersed  in 
such  water  having  become  in  some  days  merely  here  and  there  spotted  with 
rust.  This  does  not  appear  to  us  to  be  at  all  conclusive  evidence  against  the 
corrosive  powers  of  even  pure  distilled  water.  The  spots  of  rust  were  found 
to  occur  at  places  where  "  small  impurities  in  the  iron  set  up  galvanic  action." 
Mr.  Rowan  will  not  maintain  that  boiler  plates  are  free  from  impurities,  and 
we  see  no  reason  to  doubt  that  a  boiler  supplied  with  pure  distilled  water 
would  quickly  become  spotted  with  rust,  as  did  Professor  Calvert's  polished 
iron  blade  ;  and  when  spots  of  rust  once  begin  to  form,  no  one  can  say  when 
the  process  of  deterioration  will  cease.  Besides,  it  must  not  be  forgotten  that 
Professor  Calvert  worked  with  cold  water,  not  with  hot ;  and  one  of  the 
essential  points  in  the  arguments  of  those  who  consider  pure  water  an  enemy 
to  boiler  plates  is,  that  the  water  must  be  heated  to  a  high  temperature.  Again, 
does  not  Mr.  Rowan  heg  the  question  a  little  when  he  asserts  that  air,  or 
other  gases,  remains  in  solution  in  considerable  quantities  in  a  steam  boiler  ? 
Is  it  not  more  than  probable  that  the  air  finds  its  way,  for  the  most  part,  to 
the  steam  space,  and  thence  to  the  engine,  almost  at  once  ?  Is  there,  indeed, 
any  good  reason  to  believe  that  the  water  in  a  boiler  which  has  been  under 
steam  for  some  days  can  contain  much  free  air  ?  We  shall  not  attempt  to 
decide,  but  we  may  say  that  Mr.  Rowan  has  hardly  proved  his  case. 

After  all  Mr.  Rowan  has  written,  wc  are  just  a  little  surprised  to  find  that 
he  can  suggest  no  new  remedy  for  corrosion.  The  only  cure  is,  he  admits, 
to  be  found  in  covering  all  the  surfaces  of  the  boiler  with  a  protective  coating 
of  some  salt  of  lime.  Every  sea-going  engineer  in  the  kingdom  was  aware  oif 
this.  The  means  which  Mr.  Rowan  proposes  for  obtaining  the  required  pro- 
tection are  somewhat  novel,  and  consist  in  pumping  a  bucketful  of  thin  white- 
wash into  the  boiler  every  now  and  then.      Many  engineers  will  prefer  the 
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old  plan  of  using  a  little  sea-water  from  time  to  time  as  feed  ;  but  Mr. 
Rowan's  scheme  is  extremely  simple,  and  will,  we  have  no  doubt,  work  well. 
After  all,  however,  it  is  somewhat  unsatisfactory  to  find  that  a  man  of  Mr. 
Rowan's  great  experience  and  research,  aided,  as  he  has  been,  by  Dr. 
Wallace,  a  highly  competent  chemist,  is  unable  to  suggest  any  remedy  for 
corrosion  that  has  not  been  known  and  universally  practised  for  many  years 
with  but  indifferent  success.  If  ft  is  true  that  a  scale  ^  in.  thick  increases  the 
consumption  of  fuel  by  15  per  cent.,  as  Dr.  Rogers  would  have  us  believe, 
then  Mr.  Rowan's  remedy  for  one  evil  introduces  another  of  hardly  less 
importance.  What  the  marine  engineer  wants  to  get  rid  of  is  the  necessity 
for  obtaining  and  keeping,  with  intinite  pains  and  worr>',  a  scale  in  his  boilers. 
When  Mr.  Rowan  has  failed  to  do  this,  we  much  fear  that  while  the  steam- 
engine  endures,  scale  will  have  to  be  relied  on  as  the  sole  agent  which  can 
prevent  the  rapid  destruction  of  marine  boilers. 


THE  CORROSION  AND  INCRUSTATION  OF  BOILERS. 

From  The  Engineer  of  19th  October,  1876. 

Sir, — I  have  refrained  from  replying  to  your  leading  article  of  September 
15th,  on  "  The  Wear  and  Tear  of  Boilers,"  until  now,  in  order  that  my  paper, 
which  you  there  review,  might  be  published,  and  so  in  the  hands  of  engineers 
generally,  and  that  I  might  have  the  opportunity  of  learning  what  others  had 
to  say  on  the  subject.  Your  review  of  my  paper  evinces  a  sufficiently  kind 
feeling  to  leave  me  without  desire  to  do  other  than  acknowledge  this  and  give 
it  full  weight  in  replying.  It  is  on  this  account  that  I  regret  to  have  to  point 
out  that  some  of  your  remarks  have  rather  the  effect  of  misrepresenting  the 
position  I  take  up  in  that  paper.  I  refer  specially  (i)  to  what  you  call  the 
"  remarkable  fact  of  my  passing  over  in  silence  the  well-known  truth  that  the 
deposit  of  lime  salts  in  a  boiler  is  due  to  the  circumstance  that  these  salts  are 
less  soluble  in  hot  water  than  they  are  in  cold  water  ; "  (2)  to  your  account  of 
*'  my  theory  of  the  corrosion  of  marine  boilers  working  with  surface  con- 
densers," which,  according  to  this  account,  is  that  the  action  "  is  due  to  the 
presence  in  the  water  of  grease  and  some  gas,"  while  I  am  '*  not  very 
particular  what  gas  "  is  meant  ;  and  (3)  to  your  description  of  my  "  cure  "  for 
corrosion  and  the  mode  of  applying  it. 

(1)  Instead  of  ignoring  the  fact  you  speak  of,  I  say,  on  page  614  of  my  paper, 
that  Dr.  Fischer  has  "  proved  from  a  number  of  analyses  that  various  decom- 
positions of  the  salts  contained  in  waters  take  place  under  the  influence  of 
elevated  temperature  and  pressure.  Fischer  quotes  various  authorities  to  show 
that  gypsum  gives  off  nearly  half  its  water  of  crystallisation  at  temperatures 
up  to  100  deg.  Cent.,  and  further  proportions  at  higher  temperatures,  so  that 
its  solubility  is  greatly  diminished.  Above  140  deg.  Cent,  it  becomes  totally 
insoluble  in  sea-water,  and  at  a  lower  temperature  in  fresh  water,  and  hence 
is  deposited  as  an  anhydride.  It  is  more  easily  soluble  in  water  containing 
sodium  or  magnesium  chloride  in  solution  than  in  pure  water."  I  might  have 
referred  to  earlier  demonstrations  of  these  facts,  but  preferred  to  quote  from 
Dr.  Fischer's  results  because  of  the  evident  thoroughness  of  his  work.  I  did 
not  think  it  necessary  to  enter  into  the  question  of  the  use  of  brine  chests,  be- 
cause I  believe  that  the  system  of  blowing  off,  even  with  such  a  modification, 
is  pretty  universally  condemned  —at  least,  it  is  disliked  by  all  engineers  whd 
have  learned  the  true  relation  of  heat  to  work. 

(2)  How  you  could  have  gathered  such  an  idea  of  my  theory  of  corrosion 
from  pages  626  and  627  of  my  paper,  which  treat  of  this  part  of  the  subject,  I 
cannot  understand.  I  had  thought  that  I  had  made  my  meaning  plain,  but 
must  have  failed  10  do  so.     Let  me  pcjint  out  here  that  I   intended  to  indicate 
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very  distinctly  that  the  hydrochloric  acid  produced  by  the  decomposition  of 
the  magnesium  chloride  in  sea-water,  and  the  carbonic  acid  gas  which  sea- 
water  holds  absorbed  in  considerable  quantity,  are  '*  sufficient,"  as  corrosive 
agents,  *'  to  account  for  most  of  the  corrosion  which  occurs."  And,  beside^ 
these  and  the  elements  of  high  temperature  and  pressure  which  enter  into  the 
case,  I  desired  to  prove  from  the  investigations  of  Stingl  (described  on  pages 
6i8,  619,  and  620)  that  fatty  acids  in  solution,  obtained  from  grease,  etc.,  ha\e 
frequently  had  a  considerable  share  in  destroying  boilers,  and  also  that  grease 
acts  both  directly,  as  in  the  cases  mentioned  by  Stingl  and  by  Jas.  Gilchrist 
(p.  623),  and  indirectly  by  inducing  galvanic  action  of  the  kind  to  which  I 
referred  on  page  623,  and  626.  Filtering  feed-water  cannot,  of  course, 
arrest  anything  which  exists  in  solution  in  that  water,  and  therefore  the 
mere  exclusion  of  solid  grease  by  such  means  cannot  prove,  as  you  would 
desire,  that  some  corrosion  is  not  due  to  grease  acting  as  I  represented  its 
action  in  my  extracts  from  Stingl's  researches  ;  but  it  is  a  great  matter  to 
exclude  all  solid  grease  and  all  metallic  and  other  foreign  particles  from  the 
boilers,  and  therefore  I  hold  that  every  steamer  using  a  surface  condenser 
should  have  a  filter  for  the  feed-water.  Carbonic  acid  and  oxygen  were  the 
gases  to  which  I  repeatedly  referred  as  being  present  in  greater  or  less  quantity 
in  all  waters,  except  really  pure  distilled  water,  so  that  I  trust  all  doubt  as  tu 
*'  what  gas  "  I  meant  may  be  set  at  rest.  I  do  not  think  that  you  are  quite 
ingenuous  in  your  use  of  my  argument  as  to  pure  distilled  water.  I  am  not 
so  foolish  as  to  maintain  that  boiler  plates  are  made  free  from  impurities,  and 
therefore  have  not  stated  the  conclusion  to  which  you  seek  to  bring  my  argu- 
ment, viz.,  that  a  boiler  supplied  with  pure  distilled  water  might  not  rustfroin 
that  cause.  What  I  endeavoured  to  prove  was  that  the  corrosion  with  which 
marine  engineers  are  acquainted  was  certainly  never  produced  by  pure  dis- 
tilled water,  because  such  distilled  w^ater  has  never  been  present  to  produce 
it,  and  because  the  character  of  the  corrosion  which  has  been  produced  is  very 
different  from  that  observed  in  Calvert's  and  Wagner's  investigations  with 
distilled  water.  Under  the  circumstance  of  the  kind  of  experience  which  is 
available,  I  fear  that  it  is  idle  to  speculate  as  to  what  would  be  the  effect  of 
working  a  boiler  with  pure  distilled  water.  As  to  the  presence  of  air — i.e., 
oxygen  and  carbonic  acid — in  the  feed-water  from  surface  condensers,  tbe 
fact  that  such  water  is  condensed  in  contact  with  air  is  sufficient  evidence,  I 
should  think,  for  the  majority  of  chemists  that  air  is  present  in  it.  It  is  quite 
true  that  when  this  water  is  boiled,  air  is  freed  or  partly  freed  from  it  ;  but  in 
what  you  say  on  this  subject  you  evidently  forget  that  fresh  quantities  of  air 
are  being  constantly  brought  back  to  the  boiler  by  the  condensed  feed- water, 
and  that  the  water  in  a  boiler  after  a  few  days"  steaming  has  probably  been 
outside  of  the  boiler,  taking  a  little  fresh  air,  several  times  during  that 
period. 

(3)  My  greatest  dissatisfaction,  I  must  say,  is  produced  by  your  concluding 
remarks  referring  to  my  cure  for  corrosion  and  the  mode  of  applying  it.  I 
do  not  think  that  what  you  say  fairly  represents  my  position. 

On  page  625  I  pointed  out  the  unstable  character  of  the  scale  formed  from 
sea-water,  and  on  page  628  expressly  contrasted  with  this  the  permanent  scale 
— not  of  "  some  salt  of  lime,"  but  of  calcium  sulphate  and  magnesium  hydrate 
— to  be  produced  from  fresh  water,  which  I  proposed  ;  and  yet  you  write  as 
if  I  had  merely  suggested  a  new  method  of  doing  what  is  done  every  day— 
i.e.,  of  making  a  salt  scale.  I  am  sure  that  those  who  read  my  paper  at  all 
carefully  must  in  the  main  decide  that  you  have  not  given  much  attention  \o 
that  part  of  it.  Your  description  of  my  method  of  forming  this  protecting 
coating  is  also  very  inaccurate.  I  do  not  advise  or  suggest  that  "  a  bucketful 
of  whitewash  should  be  pumped  into  the  boiler  every  now  and  then  "  ;  but  I 
say  that  the  mixture  for  producing  the  coatmg  can  readily  be  fed  in  in  the 
form  of  a  thin  whitewash,  and  should  be  appUed  to  all  boilers  on  the  ver^' first 
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occasions  of  getting  up  steam  in  them  ;  and  that  by  making  an  artificial  scale 
with  fresh  water,  as  suggested,  its  thickness  is  quite  under  control,  and  when 
once  hardened  by  heat,  fresh  water  will  not  dissolve  it,  and  thus  steam  can  be 
generated  in  the  best  way.  Even  if  a  small  quantity  of  sea-water  should  leak 
in,  it  is  not  likely  that  the  coating  would  be  injured.  Under  these  circum- 
stances, I  confess  to  considerable  astonishment  at  your  remark,  that  what  I 
suggest  as  a  remedy  "  has  been  known  and  universally  practised  for  many 
years  with  but  indifferent  success."  I  must  reply  that,  except  in  some 
instances  of  our  own,  I  do  not  believe  that  what  I  suggest  has  ever  been 
practised  at  all  as  yet,  but  that  it  does  offer  to  the  marine  engineer  a  means  of 
getting  rid  of  "  the  necessity  for  obtaining  and  keeping,  with  infinite  pains 
and  worr>',  a  scale  in  his  boilers."  I  must  notice  your  parting  shot  at  me  on 
the  score  of  the  thickness  and  non-conductibility  of  the  protective  coating,  and 
I  have  two  things  to  say  :  First,  I  did  not  suggest  or  propose  to  form  a  scale 
^V  in.  thick  ;  and,  secondly,  I  do  not  consider  a  scale  of  that  thickness  as  by 
any  means  thin.  One  special  advantage  of  my  mode  of  coating  the  boilers  I 
state  to  be  that  the  thickness  is  quite  under  control  by  it,  and  therefore  the 
scale  can  be  made  thini  which  is  scarcely  possible  by  the  usual  plan  of  work- 
ing with  sea-water.  I  suggested  the  coating  in  full  view  of  Dr.  Rogers'  results, 
which  I  believe  to  be  in  the  main  correct,  as  they  have  not  been  disproved,  so 
far  as  I  am  aware. 

Peclet's  principles,  so  far  as  I  understand  them,  suppose,  if  they  do 
not  expressly  stipulate  for,  a  material  which  is  a  conductor  of  heat  ;  for  what 
avails  the  possession  of  a  surface  capacity  of  radiating  heat  if  the  heat 
cannot  reach  that  surface  through  the  body  of  the  material  ?  Would  any  one 
propose  to  make  heat  pegs  of  rock  or  of  anj-thing  but  a  good  conduccor, 
like  iron  ?  Thus,  though  it  may  be  true  that  a  thin  scale  has  in  some 
cases  actually  increased  the  steaming  power  of  a  boiler,  that  certainly 
would  not  justify  the  conclusion  to  which  your  reasoning  might  lead  us, 
that  the  thicker  the  scale  we  have  the  better,  in  order  that  it  may  act  as  heat 
pegs.  I  am  afraid  that  when  you  penned  your  objection  to  my  scale 
formation  on  the  score  of  thickness  and  non-conductibility,  you  had 
forgotten  your  former  remark,  that  "  it  has  been  shown  that  the  presence 
of  a  thin  scale  has  actually  increased  the  steaming  power  of  a  boiler,"  on  the 
score  of  which  remark  1  might  be  pardoned  for  citing  3'ou  as  a  witness  in 
favour  of  my  plan.  For  I  have  only  to  show  that  I  form  a  thin  scale  to 
enable  me  to  claim  the  advantage  you  mention.  I  should  think  that  a  scale 
of  1^  in.  thick  would  be  considered  by  most  boiler  proprietors  as  a  positive 
nuisance  ;  how  much  more  one  of  ^  in.  or  one  of  i  in.  ?  You  say  that 
Dr.  Rogers'  results  as  to  the  effect  of  scales  of  these  thicknesses  on  the 
temperature  and  combustion  are  "  extremely  incorrect."  Can  you  tell  me  if 
any  one  has  demonstrated  them  to  be  so,  and  if  so,  when  and  where  ?  I  have 
not  verified  them  by  experiment,  but  they  seem  to  me  to  be  not  far  off  the  mark. 

As  my  paper  was  printed  and  in  Messrs.  Spon's  hands  before  your 
article  appeared,  I  could  not  adopt  your  suggestion  as  to  declaring  my 
acceptance  in  general  of  these  results  of  Dr.  Rogers.  I  should  have  been 
glad  to  have  done  so,  had  it  been  possible,  for  those  who  had,  like  you, 
some  doubt  on  the  subject.  But  while  referring  to  this,  I  may  be  allowed  to 
say  that  I  think  I  might  without  difficulty  have  been  understood  as  quoting 
only  such  results  as  I  believed  to  be  worthy  of  acceptance,  or  at  least 
of  consideration.  I  do  not  know  that  I  have  built  upon  the  "isolated 
experiments  or  deductions  of  comparatively  unknown  experimentalists,"  but 
if  you  find  that  I  have  done  so,  I  shall  be  glad  that  you  point  out  the 
instances.  ^^^^.^  j^^   Rowan. 

[Before  we  wrote  one  line  concerning  Mr.  Rowai]*s  paper,  we  read 
that  paper  twice  over   word  for   word,   and  while  commenting  on  it  we 
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constantl)  referred  to  it.  We  arc  quite  willing  to  admit  that  we  have  failed 
to  understand  Mr.  Rowan.  This  is  highly  probable,  because,  as  we  have 
already  pointed  out,  the  great  defect  of  the  paper  is  its  want  of  lucidity  ;  and 
we  confess  that  we  still  find  ourselves,  even  with  the  preceding  letter 
before  us,  uncertain  whether  we  really  understand  our  correspondent's 
meaning.  For  example,  we  have  not  the  least  idea  what  he  intends  to 
convey  by  the  words,  "  a  salt  scale."  Nothing  of  the  kind  has  ever  been 
used,  to  our  knowledge,  in  marine  boilers  working  with  high-pressure 
steam  to  protect  the  surfaces.  Salt  water  is  introduced  into  such  boilers  in 
order  that  a  thin,  hard  crust— not  of  salt,  but  of  sulphate  and  carbonate 
of  lime — may  be  formed  on  the  iron.  Under  the  conditions  it  is  simply  im- 
possible that  any  coating  of  salt  could  be  formed  or  maintained,  and  it 
appears  to  us  that  Mr.  Rowan's  plan  of  pumping  in  lime  wash  is  identical  in 
principle  with  that  of  pumping  in  sea-water.  That  is  to  stay,  the  composition 
of  the  resulting  scale  will  be  very  nearly  the  same,  whichever  expedient 
we  employ.-  Ed.  E.] 


From  T/w  Etigimrr  oi  19th  October,  1876. 

SiK,— In  your  editorial  note  to  my  letter  of  last  week  you  allude  to  a 
point  of  considerable  importance,  and  I  therefore  ask  the  privilege  of  some 
of  your  space  for  a  few  words  upon  it.  I  have  satisfied  myself  by  the 
examination  of  a  got)d  number  of  analyses  of  boiler  crusts  and  deposits, 
that  all  such,  when  deposited  from  sea-water,  contain  common  salt,  or 
chloride  of  sodium,  and  other  ingredients  soluble  in  fresh  water.  I  believe: 
though  I  cannot  speak  dogmatically  upon  this  point,  that  the  proportion 
of  these  soluble  salts  in  the  crusts,  and  especially  that  of  the  chloride 
of  sodium,  increases  in  direct  ratio  to  the  pressure  of  steam  carried  in 
the  boiler  which  has  become  coated  with  such  scale.  You  will  find 
these  matters  alluded  to  on  pages  613  and  614  of  my  paper.  Thus,  a  sea- water 
scale  or  crust  contains  more  than  sulphate  and  carbonate  of  lime,  and  this  is 
a  fact  of  great  importance. 

It  is  the  presence  of  these  soluble  salts  that  renders  sea-water  scale 
so  unstable,  and  that  accounts  for  its  ready  removal  by  fresh  water,  or 
even  by  a  larger  proportion  of  fresh  water  in  the  boilers,  as  is  obtained 
by  "  working  fresh."  This  also  explains  why  such  scale  can  be  preserved 
oiily  by  uninterrupted  care  in  keeping  the  proper  proportion  of  sea- 
water  present  in  the  boilers,  for  if  the  water  becomes  fresher  the  scale 
dissolves  and  disintegrates,  and  if  the  water  is  made  more  salt  the  thickness 
of  crust  is  increased,  and  other  troubles  follow.  All  this  involves,  as 
you  have  said,  "  infinite  pains  and  worry." 

I  have  referred  to  this  on  page  625  of  my  paper,  where  I  combat  the 
opinion  of  Mr.  Milln  and  some  others  who  have  asserted  that  the  scale 
or  crust  formed  from  sea-water  is  insoluble  ;  and  it  was  with  these 
facts  before  me  that  I  denominated  such  a  scale  a  "  salt  scale,"  in  contrast  to 
the  coating  which  I  recommend. 

Fred.  Jno.  Rowak 


The  following  is  the  letter  referred  to  on  pages  620-622  ; — 

THE    CORROSION     OF    BOILERS. 

To  THE  Editor  of  *'  Engineering." 

Sir,— I  believe  that  the  remarks  on  this  subject  in  your  article  of  October 
the  9th  on  "  Boilers  in  the  Royal  Navy,"  will  do  good  service  by  throwing 
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open  a  very  important  subject,  and  giving  a  proper  direction  to  the  thoughts 
of  those  who  are  interested  in  it. 

There  is  no  doubt  that  the  experience  you  describe  with  the  boilers  in  her 
Majesty's  ships  has  been  pretty  generally  known  in  the  merchant  service 
also,  where  indeed  it  has  been  that  compound  engines  with  surface  con- 
densers have  been  carried  into  general  practice  against  such  difBculties  as 
arc  spoken  of.  I  do  not  believe  that  these  difficulties  are  as  yet  properh- 
overcome  in  general  practice,  although  in  many  instances  this  one  of  the 
corrosion  of  the  boilers  has  been  counteracted  by  the  method  now  (as  I 
understand  you)  to  be  introduced  into  the  navy,  viz.,  that  of  using  salt  water 
in  the  boilers  to  such  an  extent  as  to  cause  the  formation  of  a  protecting 
scale  on  their  interior  surfaces. 

This,  however,  is  evidently  only  a  makeshift,  useful  enough  until  better 
means  are  adopted  for  protecting  the  boilers  from  decay,  but  a  plan  which 
has  many  disadvantages,  not  the  least  of  these  being  that  in  it  careless 
engineers  have  the  means  of  doing  serious  injury  to  the  boilers  as  well  as 
of  interfering  with  their  economical  and  efficient  working,  by  using  too  large 
a  proportion  of  sea-water,  and  so  allowing  the  formation  of  too  thick  a  deposit 
of  salt.  Besides  this  it  ofifers,  as  you  remark,  no  solution  of  the  nature  of  the 
operations  which  result  in  the  corrosion  of  the  boilers,  and  until  these 
operations  are  understood  it  will  be  impossible  to  strike  at  the  root  of  the 
evil.  Moreover,  as  we  are  in  marine  engine  practice  advancing  surely  to  the 
use  of  higher  pressures  of  steam,  and  these  as  surely  demand  boilers  having 
small  sectional  areas  (and  there  are  many  considerations  which  render  such 
boilers  of  great  importance  to  naval  service),  there  is  additional  reason  at  the 
present  time  for  the  investigation  of  this  subject,  because  in  view  of  boilers 
composed  of  small  sections,  such  as  water-tube  boilers,  the  formation  of 
saline  deposit  becomes  increasingly  objectionable. 

I  should  like  to  give  you  the  results  of  some  observations  which  I  think 
will  be  of  some  interest,  and  may  add  at  the  least  a  ray  to  the  illumination 
of  this  subject.    But  first  a  few  words  as  to  your  remarks. 

You  are  undoubtedly  right  in  ascribing  to  pressure  the  power  of  intensify- 
ing chemical  action  in  general,  and  therefore  a  fortiori  the  corrosive  action 
which  takes  place  in  boil  ers  ;  but  while  you  admit  pressure  as  an  element  in 
considering  the  action  of  distilled  water  upon  the  iron,  you  omit  to  give  it  its 
place  with  regard  to  the  action  of  the  acids  which  are  set  free  by  the  heat  of 
the  steam  from  the  fatty  matters  used  in  lubricating,  and  as  a  considerable 
quantity  of  oil  and  tallow  passes  daily  through  cylinders,  etc.,  the  quantity  of 
these  acids  formed  cannot  be  contemptible.  I  think  that  on  this  account  you 
have  not  given  sufficient  place  to  the  power  of  these  acids,  under  the  circum- 
stances in  which  they  can  act,  to  act  as  solvents  of  the  iron,  and  although  it 
is  no  doubt  true  that  they  are  "  not  capable  of  doing  all  the  mischief,"  yet  a 
great  deal  may  be  done  by  them  as  direct  corrosive  agents  intensified  in  their 
action  by  high  pressure  and  temperature,  and  also  by  their  acidifying  the 
vtrater  of  the  boilers,  and  so  constituting  it  a  more  active  medium  for  galvanic 
action.  It  is  well  known  that  dilute  acid,  as  one  of  the  elements  of  a  battery, 
is  much  more  active  in  exciting  galvanic  action  than  water  alone  in  the  same 
position  is,  and  therefore  we  have  another  reason  in  this  for  regarding  the 
presence  of  these  fatty  acids  as  a  serious  evil,  and  also  a  reason  for  giving 
greater  weight  than  you  allow  to  the  power  of  galvanic  action  to  assist  in 
effecting  corrosion. 

"  Tinning  the  condenser  tubes  has  not,"  as  you  say,  "  arrested  corrosion 
of  the  boilers,"  and  I  would  add  that  neither  has  it  arrested  galvanic  action  in 
the  t>oi]ers,  for  this  is  really  caused  by  particles  of  brass  or  copper  from  the 
engine  or  condenser  (from  air  pump,  or  valves,  or  piston  rings,  or  condenser 
tubes,  etc.),  being^  carried  into  the  boilers  by  grease,  which  collects  several  of 
them  into  one  lump,  and  by  this  metallic  lump  being  brought  into  contact 
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with  the  iron  of  the  boiler  in  presence  of  the  acid  medium.  A  ver>'  active 
battery  exists  at  the  points  where  such  lumps  rest,  and  the  iron  under 
its  action  rapidly  passes  into  solution  and  into  the  state  of  magnetic  oxide, 
leaving  a  rough  or  honeycombed  surface. 

Pure  water  no  doubt  does  dissolve  iron,  and  the  best  practical  demonstra- 
tion of  this  action  that  I  know  was  afforded  us  at  my  late  father's  works  (the 
Atlas  Works  in  Glasgow),  where  we  found  a  range  of  horizontal  multitubular 
boilers  being  rapidly  acted  ppon  by  the  Loch  Katrme  w^ater  which  was  used 
in  them,  and  which,  as  is  well  known,  is  sufRciently  pure  to  be  used  in 
chemical  laboratories  without  distillation.  As  these  boilers  were  used  for 
working  steam  hammers  and  high  pressure  non-condensing  engines,  there 
was  no  chance  of  galvanic  action  such  as  I  have  described,  and  therefore  the 
interior  surfaces  of  the  tubes  were  wasted  evenly^  until  steps  were  taken  by 
the  introduction  of  limestone  into  the  water  of  the  boilers  to  arrest  this 
action.  The  use  of  pieces  of  limestone  in  the  boilers  had  the  desired  effect, 
so  that  it  is  not  difficult  to  prevent  the  action  of  pure  water  ;  but,  in  fact,  this 
is  an  action  which  can  exist  only  in  a  modified  degree  in  marine  practice, 
because  the  water  of  the  boilers  is  not  pure,  but  is  always  more  or  less  con- 
taminated by  fatty  and  other  matters,  even  where  an  admixture  of  salt  water 
is  not  used. 

Corrosion  of  the  boilers  was  one  of  the  principal  causes  of  the  failure  of 
many  of  the  early  examples  of  the  compound  engines  and  boilers  on  our 
(Rowan  and  Horton's)  plan,  commencing  with  the  s.s.  Thetis,  in  1858, 
w^hose  Ij^ilers  suffered  from  this  action  after  a  few  years'  work.  This 
naturally  led  to  much  attention  being  devoted  to  this  subject,  and  as  these 
boilers  were  of  the  sectional  or  water-tube  class,  working  at  a  steam  pressure 
of  120  lb.  per  square  inch,  and  using  nothing  but  fresh  water  supplied  by 
condensation  w^hen  at  sea,  they  offered  opportunities  for  the  observation  of  ail 
the  corrosive  forces  acting  in  circumstances  the  most  favourable  for  them. 
When  I  tell  you  that  six  of  these  marine  boilers  worked  for  from  eight 
to  ten  years  at  their  original  pressure  of  120  lb.  per  square  inch  without 
repairs  being  necessary,  you  will  readily  understand,  that  means  were  at 
length  adopted  which  practically  overcame  in  these  boilers  the  corrosive 
action  which  had  proved  so  disastrous  in  many  of  their  predecessors  and 
contemporaries. 

The  boilers  of  two  steamers  belonging  to  the  London  and  Mediterranean 
Steam  Navigation  Company  were  among  those  on  our  system  w^hich  were 
destroyed  by  corrosion  after  only  a  short  life,  and  I  have  before  me  a  copy  of 
the  report  to  the  chairman  of  the  Board  given  by  Mr.  Thomas  Spencer,'  an 
analytical  chemist  who  was  consulted  on  the  subject.  Mr.  Spencer  attributed 
the  corrosion  entirely  to  the  action  of  ti.e  fresh  or  distilled  water,  basing  his 
opinion  on  the  fact  that  the  oxide  of  iron  formed  in  contact  with  the  steam 
and  water  was  in  great  part  magnetic  (and  not  ordinary  rust),  while  it  had 
been  observed  that  cast  iron  when  acted  upon  by  distilled  water  produced  the 
same  oxide.  He  proposed  the  use  of  a  small  quantity,  of  silicate  of  soda  or 
potash  in  the  boilers  as  an  antidote,  but  I  am  not  aware  if  this  was  tried.  I 
have  given  you  my  reasons  for  believing  that .  galvanic  action  forms  part  of 
the  forces  at  work  in  corrosion,  and  I  think  that  such  action  suffidemly 
accounts  for  the  formation  of  the  magnetic  oxide  obsei-ved  by  Mr.  Spencer, 
but  nevertheless  I  believe  that  his  hint  as  to  the  use  of  silicate  of  soda  or 
potash  in  the  boiler  (or  feed  water,  which  amounts  to  the  same  thing)  is  a 
valuable  one. 

In  the  case  of  those  boilers  which  worked  successfully  for  so  long  a  time, 
to  which  I  have  referred,  the  means  used  for  the  preservation  of  the  l)oilers 
were  simple.  First,  all  the  water  discharged  by  the  air  pump  was  passed 
through  a  filter — a  chamber  in  the  feed  tank  filled  with  sand  or  charcoal — 
and  this  arrested  all  grease  and  all  metallic  particles  on  their  way  from  the 
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engines  to  the  boilers.  Then  pieces  of  zinc  were  inserted  at  various  parts  of 
the  boilers,  and  as  acid  has  a  greater  affinity  for  zinc  than  for  iron  the  fatty 
acids  expended  their  energy  on  the  formation  of  salts  of  zinc,  and  the  iron 
escaped  while  the  zinc  plates  corroded  away.  I  believe  these  precautions 
were  accompanied  by  the  occasional  use  of  lime,  a  little  of  which  was  put 
into  the  feed  water,  but  this  was  not  of  great  importance  in  the  case  of 
these  boilers,  as  they  had  the  opportunity  of  replenishing  their  supply 
of  fresh  water  pretty  frequently  in  port,  their  voyage  not  being  of  long 
duration. 

Lately  I  had  an  opportunity,  during  a  voyage  of  the  s.s.  Propontis,  which 
is  fitted  with  our  boilers  working  at  150  lb.  per  square  inch,  of  observing  the 
working  oi  these  plans,  which,  in  her  case,  and  also  in  that  of  the 
s.s.  Constantin  (formerly  the  Haco,  a  steamer  trading  from  French  ports, 
and  now  in  her  fifth  year)  are  continuing  to  act  satisfactorily.  In  the 
Propontis  pieces  of  limestone  along  with  the  zinc  were  put  into  all  the 
chambers  of  the  boilers  containing  water,  but  on  the  suggestion  of  Mr.  A.  C. 
Kirk  we  have  discontinued  using  the  limestone  in  those  chambers  immediately 
over  the  fires,  as  it  is  very  probable  that  the  high  temperature  at  these  points 
sets  the  carbonic  acid  of  the  limestone  free,  and  thus  more  harm  may  be  done 
than  good  by  the  presence  of  the  lime.  The  filter  in  her  case  is  filled  with 
the  ordinary  bone  charcoal  used  in  sugar  refining,  and  the  evidences  of  grease 
and  particles  of  metal  (brass  and  copper)  arrested  by  it  have  been  abundant. 
I  have  examined  frequently  the  black  grease  taken  from  the  exterior  of  the 
filter,  and  found  it  full  of  small  metallic  particles. 

The  increase  of  the  density  of  the  water  to  which  you  call  attention  was 
observed  during  the  voyage,  and  somewhat  bafifled  us,  as  it  could  not  be 
accounted  for.  Your  supposition  that  it  is  caused  by  the  amount  of  iron  in 
solution  is  not,  I  am  afraid,  the  solution  of  the  phenomenon,  as  I  tested  for 
iron  by  the  colour  test  on  more  than  one  occasion,  the  water  from  the 
Propontis's  boilers,  which  showed  this  increased  density,  but  found  no  iron 
present  in  sensible  quantity.  Lime  and  zinc  I  did  find  present,  but  I  am  not 
sure  whether  I  can  now  secure  the  samples  of  the  water  in  order  to  have 
^MaH//7/V:5 -estimated.  I  cannot  at  this  moment  lay  my  hands  on  the  note  of 
the  densities  recorded  by  the  salinometcr,  but  shall  communicate  them  if  they 
can  be  found.  They  were,  however,  sometimes  considerably  above  the  point 
at  which  water  in  boilers  using  salt  water  is  supposed  to  be  too  salt,  and 
must  be  blown  off  ;  but  as  you  describe,  the  taste  was  more  nauseous  than 
salt,  but  it  was  not  astringent  enough  to  indicate  a  large  quantity  of  iron  in 
solution.  I  do  not  thiniv  that  we  have  sufficient  information  to  lead  to  a 
definite  judgment  as  to  the  cause  of  the  increased  density,  though  in  con- 
tinuous working  the  gross  quantity  of  water  being  constant,  the  accumulation 
of  all  foreign  matters  which  are  not  volatile  must  affect  the  density  of  the 
water  more  or  less  ;  and  perhaps  some  part  of  the  effect  may  be  due  to  the 
total  expulsion  (by  repeated  boiling)  of  all  air  or  other  gases  held  in  suspension 
in  the  water. 

As  I  did  not  observe  your  paper  until  Monday  last,  I  have  somewhat 
hurriedly  thrown  these  thoughts  together  in  order  to  help  if  I  can  in  the 
elucidation  of  what  is  a  very  important  subject  in  connection  with  engineering 
wherever  high  pressures  and  surface  condensation  are  in  use  or  wanted.  In 
conclusion,  let  me  bring  some  of  the  more  important  points  together.  As  to 
the  causes  of  corrosion  these  are,  I  believe  : — 

1.  The  action  of  fatty  acids  from  the  lubricants,  intensified,  by  pressure  and 
temperature,  whether  acting  directly  as  solvents  of  the  iron,  or  indirectly  by 

2.  Galvanic  action  caused  by  particles  of  brass  and  copper  carried  by 
grease  to  the  boiler,  where,  in  contact  with  the  iron  and  with  the  acidulated 
water,  they  form  an  active  battery. 

3.  The  action  of  distilled  water  in  a  modified  degree. 
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Fur  the  prevention  of  corn»>ion,  or  couiiteractin;;  tlicsc  forces,  we  arc  led 
to  the  following  remedies  : 

1 .  The  use  of  zinc  in  the  boilers  to  neutralise  the  acids. 

2.  The  use  of  a  filter  for  all  the  water  passini;  into  the  boiler  to  arrest  all 
l^ease  and  metallic  particles  ;  and, 

3.  The  use  of  lime  or  some  alkaline  mineral  in  the  boiler,  or  in  the  feed 
tank,  to  neutralise  the  action  of  the  distilled  water,  and  also  to  fiixt  a  base  for 
any  acid  not  neutralised  by  the  zinc. 

i  quite  agree  with  you,  from  the  observation  of  the  phenomena  of  the 
increase  of  density,  that  additional  tests  to  that  of  the  hydrometer  or  salino- 
nieter  are  required  on  board  ship,  and  as  the  chemical  tests  for  lime,  common 
salt  (or  chlorine),  and  iron  arc  very  simple,*  It  would  be  very  advantageous  it 
engineers  knew  how  to  use  them,  and  did  so  when  (Kcasion  offered. 

Yours  faithfully, 

Fred  J  no.  Rowan. 
Glasgow,  2 1st  October.  1874. 
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WateP'Tube    Steam  ^Boilers. 

WROUGHT    STEEL    THROUGHOUT* 
OYER  3,600,000  H.P.  IN  USE  IN  ALL  INDUSTRIES  THROUGHOUT  THE  WORLD 
Furnace  adapted  for  any   kind   of    Fuel. 
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BABCOCK  &  WILCOX   BOILKR  FIITED  WITH   STEAM   SIPERHEATER. 

MARINE    BOILERS    AS    USED   IN  H.  M.  NAVY  and 
The  Mercantile  Marine. 

PORTABLE    BOILERS    SPECIALLY    CONSTRUCTED     FOR 
MOUNTAINOUS     DISTRICTS. 

Compleie  poller  ^ouse  plants  aijd  Steam  pipirjg 
installations. 


Head  Offices  :-mil  HOUSE,  FARRINGDOU  STREET,  LONDOK,  E.C. 

Works  .^RENFREW,    SeOTLAiVD. 

Caialogues  ^'Stcum"  &  *'  Amssories"  Free  to  Engineers  ami  Steam  Users. 


ADVERTISEMENTS. 


"MELDRUM" 
FURNACES. 

The  Cheapest  and  Quickest  Steam  Raisers  In  the  World. 

More  Steam. 
Less  QosU 
Less  Smoke. 


If.OOO  at  Work.    Write  for  Catalocue  and  Testimonials. 


Suitable  for  all  types  of  boilers,   all  kinds 
of  fuel. 

NO     HIGH    CHIMNEY    REQUIRED. 


MELDRUM  BROS.,  Ltd., 


Timperley   Works,   near   Manchester, 
and  66,  Victoria  Street,  Westminster. 
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^^KOKER''  STOKERS  A  Foroed  Draught 
and  Sprinkler. 

Resnlts  of  Tests  on  a  Lancashire  Boiler  27  ft.  x  7  ft  6  in., 
two  floes  3  ft.  dia. 

BeONOMISBR  NOT  USED  DURING  TBSTS. 

Duration  of  each  T«st,  eicht  hours'  continuous    running.        Hssting  Surface  of 
Boilor.  846*6  squaro  feet.      Total  Qrate  area  30  sq.  ft. 


Average  2  Tests.  I  Average  3  Tests 


Kind  of  cual  used  (Yori(shirc) i 

Total  water  evaporated  per  lioiir  in  lbs.  I 

Water  evaporated  per  sq.  ft.  of  heatint*  jurface  per  hour  ...I 

Water  evaporated  per  lb.  of  coal  as  tired       { 

Water  evaporated   per  lb.  (from  and  at  212"^  F.) 

as  fired         | 

Temperature  of  feed  water  entering  boiler j 

Steani  pressure  in  boiler  (mean)  

Weight  of  coal  burnt  per  hour 

Coal  burnt  per  square  foot  of  grate  per  hour 
Percentage  of  heat  transferred  to  vi-ater  in  boiler  ... 
Percentage  of  CO«  in  flue  gases 


Xuls  at  7  10 
Nooo  lbs. 
14-4  lbs. 
9  47  lbs. 

10-88  lbs. 

102°  F. 

61  lbs. 
850  lbs. 
28  4  lbs. 

697% 


Slack  at  6/q 
8208  lt>s. 
9-69  Ibs- 
9-32  Ibs^ 

10-61  lbs. 
99°  F. 
62  lbs. 
889  5  lbs- 
29^  lb& 
7374  X 

"4  X 


Absolutely  no  Smoke  was  made  during  the  whole  of  the  Tests. 


HIGHEST    FUEL    EFFICIENCY. 
HIGHEST    BOILER    DUTY.     .     . 


W/?/r£  FOR  FULL    PARTICULARS 
AND   TESTS.      . 


NO    SMOKE. 


^-^P^H'^T    I 

p^P5Ii 

NO    HIGH 

^w^ 

CHIMNEY 

J\\  \i  1 

REQUIRED 

^r^!^: 
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A  SELECTED  LIST  OF  P.  S.  KING  &  SON'S 

Engineering  &  Trade  Publications 

The  Engineering  Trades  of  South  Africa. 

By  Ben.  H.  Morgan,  Engineering  Trades  Commissioner. 
Cloth,  154.  net.  With  reproductions  of  numerous  special 
Plans,  Drawings,  and  Photographs. 

This  volume  deals  with  numerous  important  questions  of 
general  interest  to  all  students  of  the  South  African  problem. 
Admirable  and  detailed  statements  are  given  concerning  the 
resources  of  the  country',  the  trade  prospects,  the  shipping 
question,  preferential  tariffs,  methods  of  business,  and  the  reasons 
why  foreign  traders  are  making  inroads  on  this  market.  There 
are  also  chapters  giving  valuable  information  and  suggestions 
for  trade  improvement  on  the  following  subjects  : — Prices — 
Gold  Mines  and  Mining  Machinery — Coal  and  Coal  Burning, 
and  Mining  Machinery—  Railways  and  Railway  Plant — ^Tram- 
ways— Electrical  Mining,  Tramway  and  Lighting  Machinery — 
Steam  Engines — Boilers — Pumps — Machine  Tools — Agricultural 
Implements  and  Machinery — Traction  Engines  and  Heavy  Motor 
Wagons — Structural  Iron  and  Steel — Pipes  and  Flanges — Muni- 
cipal Engineering — Sugar  Machinery',  &c..  Sec.  Full  particulars 
of  Freight,  Railway,  Customs,  and  other  Charges  relating  to  the 
above  are  included.  Exporters  will  find  this  volume  of  great 
value  to  them  in  their  business. 

G/oft^".— "Most  thorough."  Daiiy  Express. — "Of  Imperial  interest."  Morning 
Post.-  -  *'  Does  a  national  service."    Western  Daily  Press. — "  A  masterly  anah-sis." 

British  Trade  Review. — "  Mr.  Morgan  has  rendei-ecl  yeoman  service  to  the 
British  engineering  trade.  .  .  .  Nothing  like  it  has  ever  been  done  before 
in  this  country." 

Financial  Sews. — "  Mr.  Ben.  H.  Morgan  has  achieved  celebrity  as  an  authority 
on  South  African  industrial  topics  through  this  Report." 

The  General  Trades  of  South  Africa. 

(ezolndlng  Bnglneerlair  and  Textiles).       * 

By  T.  NicoL  Jenkin,  General  Trades  Commissioner,  Cloth, 
IDS.  net.  Illustrated. 
In  this  volume  considerable  space  is  devoted  to  the  leading 
social  questions.  The  terms  of  the  complex  labour  problem  arc 
clearly  set  down.  Statistics  relating  to  South  African  import 
are  lucidly  examined  ;  Colonial  views  on  the  "Ring"  freights  are 
given  ;  and  there  are  hundreds  of  valuable  hints  and  suggestions 
on  business  methods.  Full  particulars  of  Freight,  Railway, 
Customs,  and  other  charges  are  included.  A  reterence  book 
invaluable  to  merchants  and  shippers. 

P.    S*  KING  &  SON,  2  &  4»  Great  Smith  Street,  London,  S.W. 


F.  S.  KING  &  SON'S  Indtistria!  Publications^ vii. 

Globe. — "An  important  work."  South  Africa. — "Will  be  extremely  useful." 
Morning  Post. — "  Difficult  to  exaggerate  its  importance." 

Liverpool  Journal  of  Commerce, — "We  can  cordially  recommend  the  volume 
as  a  most  valuable  assistant  to  the  merchant  and  shipper." 

The  Textile  &  Soft  Goods  Trades  of  South  Aft*ica« 

By  S.  W.  WiHTHAM,  Textile  Trades  Commissioner.     Cloth, 

los.  net. 

This  report  deals  with  the  state  of  the  Textile  and  Soft  Goods 

Trades  and  the  openings  for  business  in  a  somewhat  similar  way 

to  the  foregoing  Reports  in  regard  to  the  Engineering  Industries. 

It  should  prove  invaluable  to  exporters. 

High-Speed  Steam  Engines* 

By  W.  NoRRis,  A.M.Inst.C.E.,  M.I.Mech.E.,  and  Ben.  H. 
Morgan,  Editor  Engineering  Times,      New  and  Enlarged 
Edition.     Cloth,   los.  6d.   net.     Demy  8vo.     With  156 
Illustrations. 
This  work,  which  is  now  regarded  as  a  standard  one  on  the 
subject,  describes  and  illustrates  by  photographs  and  drawings 
all  the  leading  types  of  English,  American,  and  Continental  High- 
Speed  Steam  Engines.     Details  are  dealt  with  in  separate  chapters 
on  Governors,  Lubrication,  Action  of  Reciprocating  Parts  &c. 
It  is  a  complete  guide  to  the  practice  of  the  day. 

The  Electrical  Review. — **  Anyone  who  wishes  to  find  in  condensed  form 
the  present  status  of  the  High-Speed  Engine  should  secure  this  book." 

Electricity. — "  We  can  cordially  recommend  this  book  to  anyone  who  wants 
to  know  all  about  High-Speed  Engines." 

Economic  DisiHisal  of  Town  Refnse* 

A  Work  dealing  most  exhaustively  with  the  problem  of 
Town's   Refuse   Disposal.     Gives  a  description   of  the 
various  types  of  dust  Destructors  which  have  been  erected, 
with  results  of  their  working.      By  W.  Francis  Good- 
rich,  A.I.Mech.E.     Demy   8vo,  Cloth,  numerous  illus- 
trations, los.  6d.  net. 
Public  Health  Engineer.— ^^  A  most  valuable  work  of  reference,  as  well  as  an 
instructive  treatise  on  a  most  important  branch  of  sanitary  engiileering.    A 
book  which  no  municipal  engineer  or  cleansing  superintendent  can  afford  to 
be  without." 

Pumps :   Their  eonstraction  and  Management* 

Graphically  illustrating  the  different  classes  of  Pumps,  point- 
ing out  the  advantages  and  disadvantages  of  each  class, 
and  giving    hints    as  to   management.     By   Philip   R. 
Bjorling.     Cloth,  3S.  6d.  net. 
Electrical  Engineer. — "  Beautifully  illustrated,  and  gives  practical  hints  for 
the  construction  of  pumps,  drawing  attention  to  those  points  which  have  to  be 
attended  to,  and  those  which  must  be  guarded  against  in  their  design." 

Modern  Methods  of  Saving  Labonr  in  Gas-works. 

A  Profusely  Illustrated  Work,  showing  the  Latest  and  Best 
Means   Employed   for   Economically  Manipulating  and 

P.  S.  KING  &  SON,  2  &  4f  Great  Smith  Street,  London,  S.W, 


viii.     P.  S.  KING  A  SON^  Industrial  Publications, 

Managing  Gas-works  Material.     By  C.  E.  Brackenbury, 
A.M.Inst.C.E.     Cloth,  3».  6d.  net. 
Ironmonger.  -"  Almost  every  description  of  plant  for  handling  coal,  coke,  and 
purifying  materials  seems  to  be  lucidly  described  and  beautifully  illustrated." 

Railway,  Light  Railway,  and  Tramway  Progress^ 

An  Elaborate  Work,  Profusely  Illustrated  with  Photographs 

and  Drawings.    Partial  List  of  Contributors  : — Sir  Douglas 

Fox,  Sir  WilHam  H.  Preece,  James  Holden,  and  others. 

Cloth,  5S.  net. 

Electrical  Rei'inv. — "It  is  very  attractive,  art  printing,  good  illustrations  and 

enamelled  paper  combining  to  produce  a  good  result,  while  the  cxantents  are 

of  considerable  interest." 

Transport  by  Aerial  Rope^ways. 

A  Complete  practical  Treatise  on  the  Leading  Systems  of 

Rope-ways.      Fully   illustrated    and    described    by    the 

Designers  of  each  System.    Second  Edition.    Paper,  is.  ; 

post  free,  is.  4d.  net.  • 

MintMff    World.— ^^ An  elaborate  production  describing  all   the  important 

aerial  systems." 

Acetylene  Gass  Its  Production  and  Use. 

By    W.    DoMAX.        Cloth,    Price    3S.  6d.    net,    with    30 
Illustrations. 
This   valuable   handbook   contains   chapters   on   Carbide   of 
Calcium,  the   Properties  of  Acetylene,   Generator  Design,   the 
fitting  up  and  care  of  an  Acetylene  Installation,  &c.,  &c. 

Hardware  Trade  Journal  -  "We  heartily  commend  the  book  to  those  who 
desire  to  inform  themselves  upon  this  most  interesting  subject.  The  book 
is  excellently  printed,  the  illustrations  are  well  prepared,  and  the  get-up  from 
rtrst  to  last  is  substantial  and  good." 

Paris  International  Exhibition,  1900. 

AN   BNOINSSRING    BSOOBD. 

A  work  describing  some  of  the  chief  Civil,  Mechanical,  and 

Electrical  Engineering  Exhibits.     With  several  full- page 

plates  and  over  250  Illustrations.    Second  Edition.    Cloth, 

5S.  net. 

The  steamship.     "The  whole  get-up     paper,  printing,  and  illustrations— is 

beyond  all  praise.     This  is  the  finest  engineering  record  of  the  Paris  Exhibition 

which  has  yet  appeared." 

Glasgow  International  Exhibition,  1901. 

AM    ENOINBEBINO    RBOOBD. 

The    only    complete   Technical    Work   dealing  with    the 
Engineering  Section.     Graphically  Illustrated  with  Photo- 
graphs  and    Drawings,   and   contains   several   Coloured 
Plates.     Cloth,  5s.  net. 
Mr.  Thomas  Young,  the  Engineer  to  the  Exhibition. — ♦'  I  congratulate  you  on 
the  careful  manner  in  which  you  have  compiled  so  elaborate  and  exhaustive  a 
book,  and  one  so  extremely  interesting." 

p.  S.  KING  &  SON.  Orchard  House.  Westminster, 

PABLIAMSNTA&Y    AND   GXNEEAL    PUBLZ8H1ERB, 
Publishers  to  the  London  County  Council,  School  Board  for  London,  &  other  Public  Bodies. 
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